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SECTION  2 

THE  GEOMAGNETIC  FIELD 

L.L.  Newkirk,  Lockheed  Palo  A.Ito  Research  Laboratory 
J.C.  Cain,  U.S.  Geological  Survey  (Denver) 

W.P*  Olson,  McDonnell  Douglas  Astronautics  Co. 

2.1  INTRODUCTION 

The  geomagnetic  field  is  generated  by  various  sources  located 
within  the  Earth  and  the  sur rovmcling  ionosphere  and  magnetosphere. 
The  internal  sources  include  the  core  field  produced  by  electric  cur- 
rents flowing  near  the  core  surface  (2,900-kilometer  depth).  This 
source  dominates  ail  others  beiow  five  Earth  radii,  exerting  the  con- 
trolling force  for  particle  trapping.  The  main  field  near  the  Earth 
can  be  represented  to  an  accuracy  of  about  90  percent  by  a tilted  di- 
pole at  the  Earth's  center.  The  remaining  10  percent  consists  of  a 
spectrum  of  higher  order  terms  of  decreasing  importance,  down  to 
sizes  of  about  4,000  kilometers.  Features  having  sizes  smaller  than 
this  are  thought  to  be  mainly  caused  by  direct  magnetization  of  crus- 
tal material.  Although  the  very  local  anomalies,  observed  even  at 
aircraft  altitudes,  are  sometimes  sufficiently  intense  to  double  or 
reverse  the  field,  their  effect  has  decreased  to  a small  fraction  of 
the  total  field  by  ionospheric  heights. 

The  effects  of  magnetospheric  and  ionospheric  currents  are  rela- 
tively small  below  a few  Earth  radii.  At  low  satellite  altitudes  (e.g,  , 
500  kilometers),  about  a fraction  of  a percent  from  orbit-to-orbit 
can  be  observed,  even  during  relatively  quiet  conditions,  because  of 
the  variations  of  these  external  sources  and  the  response  of  the  con- 
ducting Earth  to  their  changes  isee  subsections  2.5  and  2.6). 

The  core  field  exhibits  a slow  "secular"  variation  that  is  charac- 
teristically a fraction  of  a percent  change  in  intensity  per  year.  This 
phenonrenon  is  regional'  that  is,  its  scale  is  not  dominated  by  the  di- 
polar component.  The  dipolar  component  is  weakening  about  5 per- 
cent per  century. 

In  some  studies  involving  trapped  radiation,  and  particularly  be- 
yond 5 Rjr  , the  (tilted)  dipole  approximation  of  the  field  is  adetiuale. 
In  many  studies,  howeve",  a more  accurate  representation  is  re- 
ciuired:  a spherical  harmonic  expansion  of  a scalar  potential  fiu^^d 
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to  measured  values  of  the  field.  Beyond  6 Rg,  currents  produced 
by  charged  par-tides  in  the  magnetosphere  and  at  the  boundary  of 
the  magnetosphere  begin  to  become  comparable  to,  and  evc'iitually 
dominate,  the  ambient  field  configuration. 

Numerical  models  of  the  geomagnetic  field  are  thus  most  accurate 
at  low  satellite  altitudes  where  the  main  contribution  is  from  the 
Earth's  core,  and  become  less  certain  at  greater  distances  because 
of  the  variability  of  the  external  effects.  Very  precise  estimates, 
even  at  low  altitude,  must  include  these  external  sources  for  any  but 
extremely  quiet  conditions. 

The  geomagnetic  field,  like  other  large-scale  phenomena  found 
in  nature,  is  never  absolutely  quiescent  or  undisturbed.  Field 
measurements  versus  time  show  a variety  of  disturbances  having 
time  durations  lasting  from  a fraction  of  a second  to  as  long  as  sev- 
eral days.  The  patterns  are  irregular  in  some  cases  and  smooth 
in  others,  and  might  have  a partially  periodic  or  oscillatory  struc- 
ture. The  amplitude  variations  range  from  a small  fraction  of  one 
nanotesla  (1  nT  - 1 y = 10"5  gauss)  to  several  hundred  nT.  Many  of 
the  disturbances  are  localized  events,  but  others  encoir.pass  a sig- 
nificant portion  of  the  magnetosphere.^  Some  of  the  disturbances 
undoubtedly  play  a strong  role  in  the  particle  supply  and  loss  pro- 
cesses that  determine  the  intensities  of  radiation  belts. 

The  numerous  types  of  magnetic  disturbances,  along  with  their 
causes,  are  discvissed  in  subsequent  portions  of  this  section.  Ap- 
pendix 2A  describes  some  of  the  magnetic  indices  used  in  trapped 
radiation  studies  to  characterize  the  relative  intensities  of  magnetic 
dist\irbances . 

2.2  MAGNETIC  HELD  ELEMENTS 

The  historical  representation  of  the  elements  of  the  geomagnetic 
field  are  shown  in  Figure  2-1.  The  total  field  vector  is  denoted  in 
the  literature  by  either  B or  F (the  Russians  prefer  T ).  B is 
used  here.  The  elements  X , Y , and  Z.  are  north,  east,  and  ver- 
tically down  in  a geodetic  system..  As  shown  in  Figure  2-2,  there 
are  slight  rotatioins  from  the  geocentric  components  normally  given 
by  BQ  , B<p,  and  Br  • 
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D =•  DECLINATION 
H --  HORIZONTAL  INTENSITY 
B = TOTAL  INTENSITY 
I = INCLINATION 


Z - VERTICAL  COMPONENT 
X ■■=  NORTH  COMPONENT 
Y = OAST  COMPONENT 


Figure  2-1 . Geodetic  elements  of  the  geomagnetic  field. 
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Figure  2-2.  Exaggerated  ellipse  Illustrating  the  geocentric  coordinates  r,  0, 
and  the  geodetic  latitude,  X/  and  altitude,  h,  of  a point  P. 

(6  is  the  rotational  angle  between  the  geocentric  and  geodetic 
vectors  (Bg,Br)  and  (X,  Z),  respectively.) 

The  expressions  relating  these  quantities  are  thus 

Bq  ; -X  cos  6 + Z sin  6 


-Z  cos6  - X sin  6 

where  the  maximum  value  of  6 is  about  0.  Z degree. 

The  magnetic  declination  D is  the  angle  between  X and  the  hori- 
zontal intensity  component  H , and  is  given  by  the  deviation  of  a 
compass  from  true  north.  A positive  declination  results  from  an 
eastward  deviation.  The  inclination,  or  dip  angle  I , is  the  angle 
lietween  H and  B and  is  given  by  the  dipping  of  a magnetic  needle 
below  the  horizontal  plane.  The  dip  angle  has  a positive  sense  when 
directed  downward. 
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Routine  observations  of  the  absolute  field  intensity  and  its  tem- 
poral variations  are  made  at  over  100  permanent  magnetic  observa- 
tories distributed  almost  entirely  on  the  major  continents.  Organized 
attempts  have  been  made  periodically  to  resurvey  the  field  and  to 
check  secular  variation  by  reoccupying  'repeat  stations.  " Since 
most  surface  or  aircraft  surveys  are  too  slow  (and  expensive)  to  take 
a crisp  "snapshot"  at  the  field  before  secular  change  can  blur  the 
picture,  plans  are  underway  for  a satellite  vector  survey  about  1980. 
The  last  series  of  satellite  surveys  were  of  total  field  only  and  cov- 
ered the  epochs  1964-1971. 

To  completely  specify  the  field  vector  at  an  isolated  point  requires 
the  measurement  of  three  independent  elements  of  the  field.  For 
example,  B,  D,  and  1 are  routinely  measured  aboard  the  U.S. 

Navy's  project  MAGNET  aircraft  which  has  supplied  most  of  the 
global  survey  data  for  the  past  two  decades.  Fixed  observatories 
usually  observe  D,  H,  and  Z,  . 

Figures  2-3  and  2-4  show  the  surface  magnetic  field  elements  B 
and  I for  epoch  1965.  These  charts  show  isomagnetic  lines  along 
which  the  respective  geomagnetic  field  elements  are  constant.  Such 
charts  as  these  are  generally  projections  or  "forecasts"  of  the  field 
made  on  the  basis  of  data  taken  prior  to  the  published  epoch  and  are 
thus  not  always  of  definitive  accuracy,  nor  can  they  be  extrapolated 
forward  in  time  without  error  because  of  the  secular  variation  which 
is  only  partly  preaictable.  Because  of  the  sparsity  of  recent  data  in 
remote  or  communist-controlled  areas,  some  of  the  vector  data  used 
in  preparing  such  charts  as  these  were  taken  several  decades  ago. 

The  secular  variation  in  total  intensity  averaged  over  the  interval 
1965-1970  from  POGO  satellite  data  is  given  in  F'igure  2-5.  There 
are  now  indications  that  the  secular  variations  in  B over  portions 
of  Asia  and  the  Indian  Ocean  have  already  changed  significantly  from 
that  represented  here. 

2.3  THE  DIPOLAR  FIELD  OF  THE  EARTH 

The  simplest  approximation  to  the  geomagnetic  field  is  the  field 
that  would  result  from  an  Earth-centered  dipole  directed  southward 
and  inclined  at  11.5  degrees  to  the  Earth's  rotational  axis  (north  and 
south  poles  at  78.5  degrees  north,  291  degrees  east,  and  at  78.5  de- 
grees south,  111  degrees  east,  respectively).  An  improved  approxi- 
mation is  the  field  that  would  originate  from  a dipole  displaced  0.  0t)H6 
Earth  radius  from  the  Earth's  center  toward  a direction  defined  by 
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geographic  latitude  15.6  degrees  north  and  longitude  150.  V degrees 
east.  The  intersections  of  the  displaced  dipole  axis  v/ith  the  tlarth's 
surface  are  at  81.0  degrees  north,  84.7  degrees  west,  and  at  75.0 
degrees  south,  l<i0.4  degrees  east  (Reference  3),  Because  the  north 
polo  of  the  magnetic  dipole  fie  Id  is  located  in  the  southern  gcographic 
hemisphere,  the  sense  of  the  field  direction  is  fronr  south  toward 
north.  The  field  intensity  at  the  equator  on  the  surface  is  about 
Djr  0.  3 IZ  gaviss  (Reference  4). 


A simple  dipole  field  has  these  components  (Reference  5)  in  a 
spherical  coordinate  system: 


whereas  the  dipole  field  in  a cylindrical  coordinate  system  has  the 
following  coordinates: 


The  magnetic  moment  (M)  of  the  Earth's  field  is  approximately 
Mj,’ “8.07  X 10^5  gauss  cm^ 0.31Z  gauss  (I'larth  radii)-^.  'I  he 
magnetic  fi^d  at  the  equator,  where  R r , is  denoted  by  '1 

1\,  . The  i.'omponents  of  the  Earth's  field  are  illustrated  cn  Figures  | 

Z-('  and  1-1  (south  is  in  the  -z  direction).  3 

I 

The  intensity  of  a magnetic  field  is  the  vector  sum  of  its  compo-  | 

nents;  in  spherical  coordinates  j 


Figure  2-7.  A magnetic  dipole  field  In  cylindrical  coordinates. 
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and  in  cylindrical  coordinates 
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The  field  lines,  which  have  everyw'here  the  direction  of  the  vector 
B , are  defined  by  the  following  equations.  In  spherical  coordinates 


r - R sin  0 
o 

and  in  cylindrical  coordinates 


(2-5) 


o ' ' 


(2-6) 


One-half  of  a field  line  is  illustrated  on  Figures  2-6  and  2-7.  Sev- 
eral representative  field  lines  are  shown  on  Figure  2-8  along  with 
contours  of  equal  field  intensity.  Each  field  line  is  labeled  according 
to  its  equatorial  intersection  R^  constant-B  curves  are 

equivalent  to:  ‘ 


0.  312 


1 + 3 sin  X 

(\ 

cos  X 


Numerical  magnitudes  correspond  to  the  Earth's  field.  When  the 
constant-U  curves  are  rotated  about  the  polar  axis,  the  result  is  a 
closed,  egg-shaped  constant-B  surface  (see  Figure  3-11).  Rg^  is 
the  radius  of  the  Earth,  X is  latitude,  and  L corresponds  to  the 
magnetic  shell  parameter  in  Reference  b. 

2.3.1  Distance  Along  Field  Line  and  Volume 
Between  Shells  of  Field  Line: 

The  distance  (S)  measured  along  a field  line  from  the  equator  is 
a useful  parameter  and  is  sometinics  used  to  identify  a point  on  a 
field  line.  As  a function  of  4 X cos  6 , the  differential  dis- 

tance element  for  a dipole  field  is 


S R , / 1 + : 

o V 


di 
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The  integrated  distance  along  a dipole  field  line  froni  ecjuatcr  to 
4 sin  X is ; 


S is  plotted  on  Figure  Z-9  (in  units  Rj,  LRir;)  (see  Table  3B-1). 

The  scale  at  the  bottom  of  the  figure  is  the  equatorial  pitch  angle 
of  a particle  that  mirrors  at  the  corresponding  latitude.  Up  to  50 
degrees  latitude,  S can  be  determined  with  tair  accuracy  by  means 
of  the  empirical  formula; 

S .^0.  0 19  X 

where  X is  e>ipressed  in  degrees.  At  90  degrees  latitude,  S 1.  380<i  . 

The  derivative  of  ntagnetic  field  intensity  along  the  field  line  is 


Front  Equation  1-7,  the  volume  between  two  cy Lind rically  symme- 
tric shells  b<tttnded  by  dipole  field  lines  is  fairly  simple  to  obtain. 

If  the  shells  are  located  at  an  equatorial  distance  sep- 

arated by  a small  distance  6 Ho  Rjr6  1.  , the  volume  included  Ite- 
tween  the  two  L shells  is: 


Ihe  total  volunte  contained  beiween  the  Earth's  surface  and  a shell 
of  field  lines  with  an  equatorial  -ntersection  at  R^^j  is  plotted  on 
Figure  <i-10  as  a function  of  1,  R^^yRj.j.  In  these  equations,  Rj,.  is 
the  radius  of  the  Earth  and  1.-  corresponds  to  the  magnetic  shell 
parameter  of  McHwain  (Section  3). 

2.3.2  Geomagnetic  Coordinate  Systems 

Various  coordinate  systems  based  upon  the  geomagnetic  field  are 
used  in  place  of  geographic  coordinates  to  simiilify  the  study  of 
trapped  radiation  and  other  phenomena  in  space  that  are  controlled 
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or  influenced  by  the  field.  I'he  most  elemental  geomagnetic  coordi- 
nate system  is  one  aligned  with  the  centered  dipole.  K is  shown  on 
Figure  ^-11,  superimposed  on  geographic  coordinates.  I'he  points 
where  the  dipole  axis  intersects  the  Earth's  surface  serve  to  locate 
the  geomagnetic  (or  dipole)  north  and  south  po I e s (78.5  degrees 
north,  291  degrees  east  and  78.5  degrees  south.  111  degrees  east, 
respectively).  The  geornagnetic  equator  lies  in  a plane  passing 
through  the  center  of  the  Earth  and  perpendicular  to  the  dipole  axis. 

Angular  positions  in  this  system  are  expressed  as  geomagnetic 
(or  dipole)  latitude  and  geomagnetic  longitude.  The  prime  geontag- 
netic  nteridian  contains  the  geographic  south  pole  and  lies  approxi- 
mately along  the  geographic  nteridian  290  degrees  oast  (70  degrees 
west)  over  most  of  its  length.  In  analogy  with  the  definition  of  local 
geographic  lime,  local  geontagnetic  time  is  defined  in  terms  of  the 
angular  position  (in  liours)  of  the  Sun  relative  to  the  geomagnetic 
meridian  of  the  observer.  Geomagnetic,  noon  occurs  when  the  Sun 
is  in  the  geomagnetic  meridian  plane  of  the  observer. 

An  accurate  coordinate  system  of  geomagnetic  latitude  and  geo- 
magnetic longitude  [based  on  the  field- line,  configuration  given  by 
the  international  geomagnetic  reference  field  80-term  expansion 
(Ueferenccs  7 and  8)  for  epoch  1969.75]  has  been  prepared  in  Ref- 
erence 9.  In  this  system,  the  latitudes  are  invariant  latitudes  (see 
Equation  2-15)  and  the  meridian  surfaces  are  defined  by  families  of 
field  lines  intersecting  radial  lines  in  a predetermined  equatorial 
plane.  North  and  sovith  polar  plots  and  world  niaps  of  this  system 
of  geomagnetic  latitude  and  longitude  arc  )>rovided  in  Appendix  21) 
for  the  surface  of  the  Earth  and  at  a 3,000-kilometer  altitude. 

A coordinate  system  of  considerable  utility  is  one  in  which  each 
di).)ole  field  line  is  labeled  by  tl.e  magnetic  shell  parameter  1, 

(Reference  (>)  and  a point  on  the  field  line  is  identified  by 
the  field  intensity  15  at  the  point.  Sometimes  the  geomagnetic  lat- 
itude, the  distance  S along  the  field  line,  or  a set  of  curves  defined 
by : 


r [constant]  y/cos  0 , (2-11) 

which  are  orthogonal  to  the  field  lines,  are  empUjyed  instead  of  1) 
to  specify  points  on  the  field  line. 

The  analysis  of  trapped  particles  is  complicated  Innainse  the  geo- 
magnetic field  actually  has  a high  degree  of  a/.imuth.il  asymmetry. 
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Symmetric  coordinate  systems  based  upon  the  terrestrial  dipole  are 
lound  to  have  only  limited  applicability.  Various  coordinate  systems, 
based  upon  parameters  analogous  to  some  of  those  described  previously 
for  a dipole  field,  have  been  proposed  with  the  intent  of  restoring  some 
of  the  aspects  of  azimuthal  symmetry  (Reference  6),  Trapped  particle 
populations  thereby  can  be  described  in  terms  of  an  idealized  dipole 
field  with  strict  azimuthal  symmetry.  A discussion  of  coordinate  sys- 
tems of  this  kind,  which  involves  equations  of  motion,  is  contained 
in  subsection  3.4,  3. 

2.4  THE  SPHERICAL  HARMONIC  EXPANSION 
OF  THE  FIELD 

Although  the  simple  dipole  approximation  is  useful  in  some  cases, 
a higher  order  approximation  generally  is  required  to  describe  the 
field  in  most  trapped  radiation  studies. 

With  the  assumption  that  electric  currents  are  negligible  in  the 
region  above  the  Earth,  the  magnetic  field  is  caused  only  by  the 
internal  sources  of  the  main  field,  and  can  be  expressed  as  the  nega- 
tive gradient  of  a magnetic  potential  that  satisfies  Laplace's 
equation: 

B = . (2-12) 

The  general  solution  for  ^ can  bo  expressed  as  a sum  ol  spherical 
harmonics  (Reference  11): 


n'  /r  \n+l  n 
iv^l  ' ' m^o 


I j . T 

Ig^^  cos  m0  + h^  sin  m0j  ; r i Rj 


(2-13) 


where  r is  the  radial  distance  from  the  Earth's  center,  R£  is  the 
Earth's  radius,  and  0 and  ?>  are  geographic  colatitude  and  oast 
longitude,  respectively.  The  Schmidt  functions  (Reference  11): 


Ti)l  \ o,  m/ 
(n  + m)l 


P (6) 

n,  m 
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are  multiples  of  the  associated  Legendre  functions  degree 

n and  order  m ; the  Kronecker  delta  equals  one  if  m - 0 and 

equals  zero  if  m 0.  The  and  hj^  are  constants  referred  to  as 
Gaussian  coefficients  whose  values  (to  some  maximum  n')  are  obtained 
from  a best  fit  to  measured  values  of  the  magnetic  field  (Equation  Z-12). 
Once  the  g^  and  the  are  known,  is  determined  and  defines 

the  field  for  r a Rg  . Analytic  techniques  have  been  developed  re- 
cently that  allow  Gaussian  coefficients  to  be  derived  from  measured 
values  of  the  total  field  intensity  rather  than  from  measured  field 
components  (Reference  12),  thus  making  possible  the  utilization  of 
numerous  satellite  measurements.  These  coefficients  are  also  ex- 
panded in  a linear  or  higher  order  series  in  time  to  allow  for  secular 
change. 

is  sometimes  expanded  in  Gauss-normalized,  associated- 
Legendre  functions  (Reference  11)  rather  than  in  Schmidt-normalized 
functions.  Either  representation  is  valid,  of  course,  but  some  prac- 
tical value  exists  in  using  Schmidt  functions  since  the  magnitudes  of 
the  corresponding  gj^  and  hj^  then  will  indicate  the  relative  contri- 
bution of  the  various  terms  in  the  series. 

The  assumption  that  electric  currents  are  absent  in  the  ionosphere 
is,  of  course,  only  an  approximation  since  field-aligned  currents  are 
almost  always  present  in  polar  regions,  and  the  dayside  ionosphere 
contains  the  Sq  system.  These  effects  contribute  up  to  a few  hun- 
dred nanotesla  under  active  conditions  in  polar  regions,  and  up  tc 
20  to  100  nanotesla  at  the  magnetic  equator,  depending  upon  the  alti- 
tude above  the  E-layer. 

2,^.1  Field  Models 

Tables  of  Gaussian  coefficients  have  been  determined  by  a.  num- 
ber of  investigators.  The  field  models  that  have  been  applied  to 
trapped  radiation  studies,  or  might  be  considered  for  the  present, 
are: 


m 


1.  The  Jensen  and  Whitaker  (JW)  569-coefficient  model 
(Reference  13)  epoch  1955. 

2.  The  Jensen  and  Cain  (JC)  48-coefficient  model 
(Reference  14)  epoch  I960. 

3.  The  Goddard  Space  Flight  Center  (GSFC  (9/65))  99- 
coefficient  model  (Reference  15)  epoch  1965. 


■» 
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4.  The  Goddard  Space  Flight  Center  (GSFC  (12/66))  120- 
coelficlent  model  (Reference  16)  epoch  1965. 

5.  The  International  Geomagnetic  Reference  Field  (IGRF) 
80-coeffici"'nt  model  (References  17,  18)  epoch  1965. 

6.  The  Institute  for  Geological  Sciences  (IGS)  168-coefficient 
model  (Reference  19)  epoch  1975. 

7.  The  American  World  Chart  (AWC)  168-coefficient  model 
(Reference  20)  epoch  1975. 

Except  for  JW  and  IGRF,  these  various  models  have  been  derived 
by  fitting  observed  surface  and  satellite  magnetic  survey  data.  The 
JW  model,  used  for  reducing  Explorer  4 data,  was  a very  precise 
fit  to  the  1955  U.S.  magnetic  charts  of  the  vertical  componen,'.  It 
wus  later  found  that  these  charts  were  relatively  inaccurate.  The 
JC  model,  although  having  fewer  terms  and  no  time  derivatives, 
was  a belter  measure  of  the  field  for  (and  previous  to)  its  I960  epoch. 
It  was  thus  widely  used  in  interpreting  trapped  radiation  data.  The 
later  G.SFC  models  contain  more  coefficients  and  thus  are  better 
representations  of  the  low-altitude  field. 

The  IGRF  model  (epoch  1965)  was  derived  as  a weighted  average 
of  candidate  models  and  is  fairly  accurate  for  the  interval  i960  to 
1968.  An  IGRF  model  for  1975  has  been  recently  derived  (Reference 
21).  The  coefficients  for  this  model  are  listed  in  Table  2-1.  One 
of  the  best  models  for  epoch  1975  is  the  IG.S  model  (Reference  19), 
although  its  use  of  parabolic  terms  makes  it  unlikely  that  an  exlraj>o- 
lation  over  epochs  1975-  1980  is  wise.  H is  not  clear  whether  the 
ICiS,  using,  say,  its  linear  secular  terms  only,  or  the  AWC  n^odel 
(Reference  20)  is  the  preferred  representation  for  current  epodts. 

Doth  of  the  latter  models  have  set  their  epochs  at  1975.0  for  the 
convenience  of  users  and  to  imply  that  an  attempt  has  been  niade  to 
represent  the  current  field.  However,  neither  model  actually  in- 
cluded much  data  later  than  about  1972,  and,  tluss,  the  choice  only 
can  be  made  by  comparison  with  recent  data. 

2.4.2  B,  L Coordinates 

The  charts  in  Appendix  2C  show  contours  of  the  total  field  inten- 
sity at  vaiious  altitudes,  as  determined  from  the  Jensen  and  Gain 
field  model.  I'ables  of  coordinate  points  defining  geomagnetic,  field 
lines  are  given  in  Reference  22  for  a representative  group  of  field 
lines  distributed  around  the  Earth. 
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The  charts  in  Appendix  2C  also  show  contours  of  constant  L,  where 
L is  the  parameter  associated  with  a magnetic  shell  (Reference  6) 
in  the  geomagnetic  field  and  is  analogous  to  the  L = Rq/Re  defined 
for  a dipole  field  in  subsection  2.  3.  2.  L is  discussed  in  detail  in 
Section  3. 

A coordinate  system  employing  B and  the  parameter  L is  used 
extensively  to  describe  the  distribution  of  trapped  particles  in  radi- 
ation belts.  Because  of  the  azimuthal  asymmetry  of  the  geomagnetic 
field,  the  altitude  of  a constant  B,L  contour  around  the  Earth  will 
vary  with  longitude.  Figure  2-12  shows  the  variation  for  several 
values  of  B on  the  magnetic  shell  L - 1.20.  B is  in  gauss.  The 
curves  are  based  upon  the  field  model  in  Reference  14.  Similar 
graphs  are  also  given  in  Appendix  2D  for  B - 1.  12,  1.60,  2.20,  and 
3.  50.  These  graphs  are  useful  because  trapped  particles  experience 
similar  changes  in  their  mirror  point  altitudes  as  they  drift  around 
the  Earth.  (Trapped  particle  motion  is  discussed  in  Section  3.  ) 

For  the  cases  shown,  the  variations  in  altitude  are  appreciable; 
maximum  variations  of  1,200  to  1,500  kilometers  occur  in  the 
southern  hemisphere.  The  minimum  aititude  for  a given  value  of 
B is  observed  to  occur  in  the  southern  hemisphere  near  315  degrees 
east  longitude.  More  precisely,  the  minimum  altitudes  occur  in  the 
southern  Atlantic  near  Brazil  in  a region  of  low  field  values  (Figure 
2-3)  known  variously  as  the  South  American,  South  Atlantic,  or  l^ra- 
zilian  anomaly.  However,  this  feature  of  the  geomagnetic  field  is 
not  really  anomalous,  but  is  just  the  result  of  the  field  lines  dipping 
closer  to  the  Earth  in  the  anomaly  region  because  of  the  eccentricity 
of  the  geomagnetic  field  with  respect  to  the  Earth's  center. 

The  South  American  anomaly  is  important  in  trapped  radiation 
studies  because  it  is  a region  in  which  particle  losses  caused  by 
atmospheric  scattering  are  enhanced  as  a consequence  of  the  denser 
atmosphere  encountered  by  the  particles  as  they  move  through  their 
minimum  altitudes.  A comprehensive  graph  of  minimum  altitudes 
in  the  anomaly  as  a function  of  B and  L,  is  presented  on  Figure  2-13. 
Particle  measurements  in  the  B,L  regions  below  1,000  kilometers 
should  show  solar  cycle  effects  because  of  changes  in  atmospheric 
density  and  composition. 

For  easy  visualization,  fluxes  in  B,L  space  are  sometimes 
transformed  to  polar  coordinate  space  r,A  defined  by  the  dipole 
relations  (Reference  6).  Figure  ?~14  is  a mapping  of  polar  coor- 
dinates onto  the  B,L  plane  by  means  of  the  dipole  relations; 
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Figure  2-12,  AUitude  versus  longitude  for  constant- 
B traces  on  the  magnetic  shell  L = 1.20 
(Reference  23). 
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Figure  2-14,  Mapping  of  the  r, X coordinates  onto  the  B,  L 
plane  by  means  of  the  dipole  relations. 
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In  these  relations,  r is  expressed  in  units  of  Earth  radii.  At  low 
values  of  X,  determining  numerical  values  from  Figure  2-8  might 
be  preferable.  Some  caution  shohld  be  exercised  in  using  the  figure 
because  of  the  asymmetry  of  the  geomagnetic  field. 


The  invariant  latitude  (A)  defined  by  the  expressioni 


cos^A  = 1/L  (2-15) 

is  sometimes  used  to  organize  auroral  or  particle  precipitation  data 
near  Earth.  It  is  interpreted  as  the  latitude  where  the  magnetic 
shell,  whose  value  is  L , intersects  the  Earth.  Table  2-2  gives 
values  of  A versus  L for  0.  5-degree  intervals  in  A from  0 to  89.5 
degrees, 

2.4,3  Computer  Codes  for  ffand  L 

Over  the  past  decades,  several  different  computer  codes  have 
been  developed  for  the  prediction  of  both  "5  and  L.  Those  based 
upon  spherical  harmonics  were  derived  from  the  original  formula- 
tions of  Jensen  and  Whitaker  (for  B ) and  Mcllwain  (for  L)  and  bear 
such  names  as  GFIELD,  FIELD,  SPHRC,  INVAR,  etc,  (see  sub- 
section 11,4),  Copies  of  these  can  be  obtained  from  either  the 
National  Space  Sciences  Data  Center  (Goddard),  the  NOAA  Data 
Center  (Boulder),  or  the  U.S.  Geological  Survey  (Denver),  Trade- 
offs of  speed,  core  size,  and  flexibility  can  be  evaluated  for  the 
particular  application, 

A different  formulation  for  the  computation  of  B and  L has  been 
developed  by  B.  Kluge  (Reference  24)  at  ESRO/Darmstadt,  This 
formulation,  which  employs  a mapping  of  the  field  in  1/r  space, 
has  no  advantage  over  the  spherical  harmonic  developments  for  B”. 
However,  for  the  calculation  of  L , a table  is  provided  from  which 
a much  faster  L computation  can  be  made  than  witVi  the  Mcllwain 
integration  program.  The  only  drawback,  which  is  not  significant 
for  most  apipUcations,  is  that  the  tables  become  fairly  large  when 
computations  are  done  for  several  epochs.  The  tables  must  be 
developed  by  a careful  (Chebychev)  fit  for  each  new  model. 
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2.5  DI5VANT  MAGNETIC  FIELD 

2.5, 1 The  Need  for  a Quantiiative  DescripHoo 
of  the  Magnetospheric  Magnetic  Field 

The  magnetic  field  at  geocentric  distancefi  greater  than  about 
four  Hiarlh  radii  is  distorted  by  the  fields  associated  with  currents 
flowing  in  the  Earth's  magnetosphere.  The  Earth's  main  magnetic 
field  (of  internal  origin',,  Bgj^  , interacts  with  solar  wind  particles 
to  forr;\  several  other  currents  which  flow  through  the  Earth's  mag- 
netosphere. These  current  systems  and  their  combined  associated 
magnetic  fields,  Ems  > deform  the  geomagnetic  field  at  great  alti- 
tudes and  dotuinate  the  magnetic  field  at  altitudes  of  a few  Earth 
radii.  The  main  contributions  to  the  magnetospheric  magnetic  field 
come  from  the  magnetopause  currents,  the  currents  v.hich  flo  w 
across  the  tail  of  the  magnetosphere,  and  the  ring  current  of  charged 
particles  trapped  in  the  inner  magnetosphere. 

The  m::;.g nei; jpause  currents  are  produced  directly  by  the  interac- 
tion cf  the  geomagnetic  field  with  the  solar  wind.  Solar  wind  ions 
(mostly  pretons)  and  electrons  ai  e deflected  in  opposite  directions 
upon  encoui.tsring  the  geomagnetic  field,  giving  rise  to  the  magneto- 
pause current  system.  The  res  ailing  field  topology  is  such  that  it 
is  possible  for  charged  particles  lo  enter  and  flovr  across  the  anti- 
solar  portion  of  the  magnetosphere.  This  second  current  system 
is  commonly  referred  to  as  the  tail  current.  Particles  trapped  in 
the  inner  magnetosphere  form  the  third  current  system.  The  mag- 
netopause and  tail  current  systems  are  influenced  greatly  by  changes 
in  the  interplanetary  magnetic  field  and  other  interplanetary  param- 
eters. The  tail  magnetic  field,  in  particular,  changes  during  the 
'.ifetime  of  a magnetospheric  substorm.  These  substorms  occur 
'vnically  every  several  hours  and  the  resulting  time- varying  mag- 
netic and  eleccric  fields  serve  also  to  inject  particles  into  the  ring 
current.  The  ring  current  is  greatly  enhanced  during  magnetic 
storms  by  the  continuous  injection  of  tail  particles. 

To  accurately  represent  charged  particle  phenomena,  it  is  neces- 
sary to  quantitatively  describe  the  magnetic  field  (Bg^,^  + Bn-,s) 
which  these  particles  are  found.  Above  about  60  degrees  magnetic 
latitude,  all  magnetic  field  lines  extend  several  Earth  radii  into 
space.  Therefore,  along  at  least  a portion  of  these  field  lines  their 
accurate  quantitative  description  necessitates  the  inclusion  of  the 
contribution  to  the  total  magnetic  field  from  the  three  magnetospheric 
current  systems  just  described.  Ihere  have  been  several  ejuantita- 
tive  model  descriptions  of  the  magnetosphe.vic  magnetic  field.  For 
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a detailed  comparison  of  the  more  recont  ones,  see  the  review  by 
Walker  (Reference  26).  These  models  can  be  tested  directly  by 
comparisons  with  the  observed  field  (as  detected  with  magnetometers 
and  barium  cloud  traces)  and  indirectly  with  charged  particle  data. 
Such  comparisons  indicate  (Reference  25)  that  the  Olson-Pfitzei 
model  currently  best  represents  the  observed  average  magnetospheric 
magnetic  field,  B^nas  • This  model  is  described  in  subsection  2.  5.2. 

2.5,2  Description  of  Olson -Pfitzer  Magnetospheric 
Magnetic  Field  Model 

The  Olson-Pfitzer  model  provides  a quantitative  description  of 
the  total  magnetospheric  magnetic  field  (produced  by  the  magneto- 
pause, tail,  and  quiet-tirne  ring  currents).  It  is  to  be  added  to  the 
main  magnetic  field  with  appropriate  coordinate  transformations. 

This  model  is  semiempirical  and  contains  both  basic  physics  and  *' 
observational  data.  It  was  constructed  to  quantitatively  represent 
the  quiet-time  magnetospheric  magnetic  field  for  the  case  of  perpen- 
dicular incidence  of  the  solar  wind  onto  the  geomagnetic  field,  It 
currently  does  not  include  the  effects  of  the  continuously  changing 
angle  between  the  geomagnetic  dipole  axis  and  the  solar  wind  direc- 
tion and,  more  importantly,  magnetic  storm  effects.  Actually,  two 
models  have  been  published.  One  is  the  sixth-order-power  series 
expansion  with  exponential  terms  and  the  second  is  an  abbreviated 
version  containing  only  quadratic  terms.  In  both  cases,  series  e.x- 
pansions  are  input  to  a fitting  routine  which  constructs  an  orthonor- 
mal (unction  set  in  order  to  fit  the  input  data. 

Components  of  'D  in  the  sixth-order  model  are  represented  as 
6 3 
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ijk  ” 

^ijk  = 

0 

i + 2j  + 2k  > 6 

(2-l7a) 

ijk  " 

0 

i + 2j  + 2k  > 6 

(2-l7b) 

ijk  " 

0 

i + 2j  + 2k  > 7 

(2-17c) 

The  non-zero  coefficients  given  in  Tables  2-3,  2-4,  and  2-5  are 
for  the  components  of  the  combined  ring  and  tail  fields,  the  magneto- 
pause field,  and  the  total  ring  plus  tail  plus  magnetopause  field,  re- 
spectively. The  point  where  is  to  be  computed  is  specified  by 

X,  y,  and  z (given  in  Earth  radii).  The  distance 


r 


2 

z 


The  components  of  are  given  in  y.  The  positive  x axis  points 

toward  the  Sun,  the  a axis  is  north,  antiparallel  to  the  dipole  axis, 
and  the  y axis  lies  in  the  dusk-meridian  plane.  Field  lines  from 
this  expansion  and  a dipole  representation  of  Bg^  shown  in  the 
noon-midnight  meridian  on  Figure  2-15. 


In  studies  of  the  inner  magnetosphere,  where  great  accuracy  in 
Bppjg  is  not  required,  an  abbreviated  version  can  be  used.  A series 
containing  only  linear  and  quadratic  terms  (including  exponential 
terms)  was  developed  for  this  purpose.  The  same  fitting  routine 
was  used  to  orthonormalize  the  input  series.  The  components  of 
^ms  were  four.d  to  be 


B 0.  9535z  - 0.  00507XZ 

X 

+ (2.  1143z  - 5.246xz)  exp(-0,06r^) 

Ey  -•  -[0.01382  + 6.  7682  exp(-0.  06r^)3yz 

B^  - 8.  196  + 1.363x  - 0.01524z“  + 0.  OOBBy*^  + 0.  0609x^ 

+ (-8.803  + 3.878x  - 1.7927z^  - 6.  04917*^ 

2 2 
- 6. 8595x  ) exp(-0.0or  ) 


(2-18a) 

(2-lBb) 


(2-lBc) 
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Table  2-3.  Coefficients  for  the  quiet-time  ring  and  tail  field  B 
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Table  2-4.  Coefficients  for  the  boundary  field  B 
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Figure  2-15.  Magnetic  field  lines  in  2-degree  intervals  from  70  degrees  latitude 
to  pole  in  noon-midnight  meridian  plane. 

The  components  of  Bms  analytic  and  differentiable,  as  they 
are  in  the  sixth-order  expansion.  The  inclusion  of  the  exponential 
terms  makes  it  possible  to  model  the  near-Earth  field  depressions, 

AB  , produced  by  the  quiet-time  ring  current.  These  simple  expres- 
sions yield  AB  contours  that  exhibit  the  basic  features  found  in  the 
observational  data. 

The  z component  of  the  magnetospheric  magnetic  field  (minus  the 
main  field  of  the  Earth)  is  shown  along  the  Earth-Sun  line  on  p'igure 
2-16.  (By  symmetry,  the  field  is  in  the  z direction  along  this  line.  ) 
The  observed  field  exhibits  considerable  structure  within  a geocentric 
distance  of  5 Rg.  because  of  the  disturbed  magnetospheric  currents. 

The  difference  between  the  present  sixth-order  models  and  the  older 
models  that  included  only  the  boundary  (magnetopause)  currents  is  as 
large  as  65  y,  and  near  6 Rj^  it  is  about  40  y (approximately  35  percent 
of  the  total  field).  Similar  large  differences  in  the  total  field  are  found 
throughout  the  inner  magnetosphere.  It  is,  therefore,  expected  that 
there  would  be  appreciable  differences  between  this  model  and  previous 
ones  when  they  are  used  to  calculate  magnetospheric  particle  and  field 
properties. 

2,5.3  Comparisons  of  Olson-Pfitzer  Models 

with  Observed  Particle  and  Field  Behavior 

Optical  tracking  data  from  the  NASA-MFE  barium  cloud  experi- 
ment have  shown  that  field  lines  in  the  inner  magnetosphere  are  more 
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Figure  2-16.  The  z component  of  the  niagnetosfrfieric  field  (minus  the  Earth’s  main  field) 
along  the  Earth-Sun  line. 
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elongated  than  the  linen  calculated  from  models  consisting  of  main 
field  and  earlier  external  field  representations.  Olson-Pfitzer 
models  fit  the  observations  quite  accurately  (Figure  2-  17)  because 
they  include  the  depressed  inner  magnetosphere  field  featur'ej  pro- 
duced by  the  quiet-time  ring  current.  Field  lines  calculated  from 
other  models  that  do  not  include  this  feature  are  inclined  by  as  mvich 
as  15  degrees  to  the  field  line  along  the  bariuM  cloud. 

The  Earth  intercepts  of  field  lines  from  geosynchronous  orbit 
(6.6  Rg)  have  been  determined  for  various  local  times  (Figure  2-18). 
Both  second-order  and  sixth-order  expansions  place  the  latitude  of 
the  foot  of  the  line  at  about  65  to  66  degrees,  depending  upon' the 
time  of  day,  which  is  about  4 degrees  lower  than  that  predicted  by 
the  "boundary  only  models.  " This  difference  too  is  believed  to  re- 
sult from  the  quiet-time  ring  currjjnts  that  produce  the  depressed 
field  region  near  the  Earth.  Both  ihe  second-order  an<i  sixth-order 
models  indicate  that  the  field  lines  to  geosynchronous  orbit  are  more 
extended  than  dipolar  field  lines. 

The  sixth-order  model  has  been  used  to  compute  low-  and  high- 
energy  charged  particle  behavior  in  the  magnetosphere.  The  high- 
latitude  Earth  intercept  of  the  trapping  boundary  calculated  from  the 
model  agrees  well  with  the  observed  bovmdary,  which  is  4 to  5 de- 
grees lower  than  that  calculated  from  previous  models.  The  boun- 
dary was  found  by  using  the  first-  and  second-adiabatic  invariants 
to  calculate  the  last  closed  drift  shell  on  which  a particle  with  a given 
pitch  angle  can  exist. 

The  high-lacitude  cutoffs  for  cosmic- ray  pc  rticles  calculated  from 
previous  models  have  beer,  in  error  with  observation  by  5 to  7 de- 
grees. With  the  present  models,  the  calculated  cutoffs  are  essen- 
tially in  agreement  with  the  observed  values  (Reference  33).  The 
cutoffs  have  been  determined  fur  5,  20,  and  70  MeV  by  utiUiiing  the 
distributed  current  model.  Again,  it  is  the  depressed  field  region 
for  3-  to  6-Rj2  geocentric  distance  produced  by  the  distributed  cur- 
rents that  causes  the  field  lines  at  a given  latitude  on  the.  Earth's 
surface  to  cross  the  equator  at  la.”ger  geocentric  distances  than^' 
those  calculated  from  previous  models.  In  turn, '-it is  thiB^flel(E 
geometry  that  allows  charged  particles  to  penetrate  to  lowifu  lati- 
tudes than  is  possible  with  models  that  do  not  incVude  the  efiieclB  of 
distributed  currents  that  flow  through  the  inner  magnetosphei^e. 
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2.6  GEOMAGNETIC  TRANSIENT  VARIATIONS 
2.6.1  Solar  Quiet  and  Lunar  Daily  Variations 

The  continuous  traces  of  the  three  magnetic  elements  recorded 
at  any  station  consistently  show  a daily  time  variation  that  is  corre- 
lated with  local  time.  The  maximum  variation  occurs  near  local 
noon  and  is  on  the  order  of  0.  1 percent  of  the  total  field.  On  some 
days,  the  variations  are  smooth  and  regular;  on  other  days,  the 
changes  are  irregular  because  of  magnetic  disturbances  superim- 
posed on  the  smooth  variation.  The  days  in  which  irregular  varia- 
tions are  recorded  are  said  to  be  magnetically  active  or  disturbed 
days;  those  with  smooth  traces  are  called  magnetically  quiet  days. 

The  average  variation  patterns,  derived  for  the  field  components 
from  suitably  chosen  quiet-day  records  at  a station,  collectively  de- 
fine a variation  field  denoted  by  Sq  , the  solar  quiet  daily  variation. 
For  each  component,  the  variation  is  reckoned  using  the  daily  mean 
value  of  the  component  at  the  station  as  a base  line.  The  global  dis- 
tribution of  Sq  varies  systematically  with  latitude.  In  the  magnetic 
equftorial  zone,  the  maximum  variation  in  the  horizontal  intejjjsity 
H near  local  noon  is  characteristically  about  100  gammas,  and  at 
higher  latitudes  it  is  -25  to  -50  gammas. 

Sq  is  also  dependent  on  the  season  of  the  year  and  the  phase  of 
the  solar  cycle.  At  the  June  solstice,  Sq  is  enhanced  in  the  northern 
hemisphere  and  diminished  in  the  southern  hemisphere.  At  the  De- 
cember solstice,  the  situation  is  reversed.  At  sunspot  maximum, 

Sq  increases. 

The  daily  variation  of  the  field  also  includes  a component  having 
a period  of  0.  5 lunar  day  (rs  12.  42  hours)  and  a pattern  that  varies 
systematically  w'ith  the  phase  of  the  Moon,  This  variation  is  less 
than  0.  1 that  of  Sq  . The  average  of  this  component  of  the  magnetic 
varir.tion  over  many  lunar  days  at  a station  is  called  the  lunar  daily 
variation,-  L,  (not  to  be  confused  with  the  .L  shell  parameter).  L 
is  somewhat  enhenced  during  sunlight  hours  and  displays  seasonal 
changes  indicating  that  the  Sun,  as  well  as  the  Moon,  plays  a con- 
trolling role. 

Spherical  harmonic  analysis  of  Sq  or  h data  from  a world  net- 
work of  stations  is  used  to  determine  the  equivalent  electric  current 
systems  responsible  fcr  the  observed  magnetic  variations.  About 
two-thirds  of  the  variations  in  Sq  or  in  L is  found  to  be  due  to  cur- 
rent sources  external  to  the  Earth  and  the  remaining  one-third  (o 
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internal  currents  induced  within  the  Earth's  surface  layers  by  vari~ 
able  external  currents.  The  external  currents  responsible  for  Sq 
and  L are  found  to  flow  at  approximately  the  same  altitude  (~1C0 
kilometers).  The  ratio  of  average  external  Sq  and  L current  in- 
tensities is  about  30  to  1. 

The  Sq  and  L electric  current  systems  are  produced  by  convec- 
tive movement  of  the  conducting  upper  atmosphere  across  the  Earth's 
magnetic  field  lines.  'The  motion  of  the  upper  atmosphere  occurs  as 
a result  of  pressure  and  temperature  differentials  in  the  atmosphere 
brought  about  by  solar  heating  and  tidal  foices.  By  analogy  with  an 
electric  dynamo,  this  mechanism  is  referred  to  as  the  atmospheric 
dynamo  (Reference  34). 

For  a detailed  discussion  of  solar  quiet  and  lunar  daily  variations, 
including  plots  of  Sq  arid  L and  their  associated  current  sysi.erns, 
see  Reference  35. 

From  rocket  measurements.  X-rays  are  known  to  be  emitted  by 
solar  flares.  On  arrival  at  Earth,  these  X-rays  cause  an  increase 
in  ionization  in  the  sunlit  hemisphere,  particularly  at  lower  levels. 
The  overhead  current  system  is  enhanced,  often  producing  an  ob- 
servable magnetic  field  variation  called  a solar  flare  effect  (sfe)  or 
a crochet  (Reference  36).  The  variation  lasts  10  to  60  minutes  and 
is  manifested  as  an  augmentation  of  Sq  . Ionospheric  currents  due 
to  solar  flares  occur  lower  in  the  ionosphere  than  Sq  currents  and 
sometimes  seem  to  flow  in  the  night  hemisphere  but  with  reduced 
intensity. 

2.6.2  Geomagnetic  Storms 

A severe  and  long-lasting  magnetic  disturbance  that  occurs  world- 
wide is  called  a magnetic  storm  (References  36  and  37)  and  often  is 
accompanied  by  auroral  disijlays  and  polar  ionospheric  distvirbances , 
The  rate  of  occurrence  of  magnetic  storms  varies  with  the  solar  sun- 
spot cycle. 

Magnetograms  obtaiiied  at  low-  and  middle -latitude  stations  indi- 
cate that  many  storms  undergo  a similar  pattern  of  development  as 
the  storms  progress.  The  start  of  a typical  storm  Is  characterized 
by  an  abrvipt  increase  in  II  and  is  known  as  the  sudden  cunimencc- 
ment  (S.  C.  ) of  the  storm.  The  increase  is  typically  ZO  to  30  garnnias 
with  a rise  time  of  Z to  6 minutes;  it  is  largest  at  stations  near  the 
magnetic  equator.  The  Z-  to  B-hour  interval  during  which  the  value 
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of  H remains  above  its  undisturbed  value  is  known  as  the  initial 
phase  of  the  storm. 

The  main  phase  of  the  storm  follows  and  lasts  12  to  24  hours 
auring  which  H decreases  to  values  that  are  typically  50  tc  100 
gammas  below  the  prestorm  value.  The  Tnal  stage  of  the  storm, 
known  as  the  recovery  phase,  commences  and  H gradually  recov- 
ers to  its  normal  level  in  1 to  3 days,  although  recovery  time  as 
long  as  20  to  30  days  is  not  uncommon.  Individual  storm  records 
show  irregularities.  The  initial  and  main  phases  tend  to  be  noisy. 
Often  during  the  main  phase,  large  amplitude  fluctuations  occur 
with  periods  of  about  0.  5 hour.  Some  storms  do  not  conform  to' 
this  classic  pattern  and  have  features  that  are  missing  or  not  easily 
identified. 

Tlie  simultaneous  storm  records  obtained  at  auroral  iione  and 
polar  cap  stations  are  markedly  different  from  this  regular  storm 
pattern  and  are  characterized  by  extremely  large  and  sometimes 
very  rapid  changes.  Careful  analysis  Is  required  to  detect  the 
regular  storm  variations  in  the  hlgh-Uvituae  records. 

The  analysis  of  storms  has  shown  that  the  typical  storn^  varia- 
tion over  the  Earth  can  be  described  convenif'nlly  by  two  components; 
(1)  Dst  (or  DST;,  which  is  symn^elric  about  the  geomagnetic  axis; 
and  (2)  DS  (or  Ds),  which  is  a function  of  longitude  relative  to  the 
Sun  (Reference  36).  Doth  components  are  also  dependent  on  mag- 
netic iatitudw  and  storm  time  (time  measured  from  the  start  of  the 
a to  r m ) . 

Changes  in  the  dynamic  pressure  of  the  solar  wind  tdowing  vigainsl 
the  geomagnetic  field  a.re  believed  to  be  a cause  nl  magneitc  storms 
(Reference  38).  The  solar  wind  suddenly  imireascB,  compx'esslng 
the  magnetic  field  (S.  C.  ) and  maintainc  the  compross'un  for  a time 
(initial  phase).  An  outward  distention  then  occurs  tnuiin  phaae)  and 
is  followed  by  a relaxation  of  the  field  to  Us  preshorm  value  (recov- 
ery phase).  Some  uncertainty  exists  whether  the  main  phaoe  is  pro- 
duced by  an  outward  distention  of  the  field  because  of  ho',  plasma 
generated  by  attendant  processes  or  whether,  instead,  the  main 
phase  is  produced  by  a westward  ring  current  (circling  the  Earth  at 
several  Earth  radii)  consisting  of  electrons  and  pos'llvo  ior.s  that 
are  trapped  or  injected  in  the  magnetosphere  (Reference  3(i). 

Recent  experiments  suggest  that  an  increase  in  solar  wind  pressure 
may  not  be  a necessary  condition  for  the  generation  of  ;-\ll  niagnetic 


2-41 


% 





21  January  1977 


storms  (References  39  and  40).  Instead,  the  so.uthward  component 
of  the  interplanetary  field  appears  to  play  the  major  role,  an  en- 
hancement in  this  component  being  strongly  correlated  with  the 
initiation  of  some  magnetic  storms. 

2.6.3  Sudden  Impulses  and  Bay. 

An  impulsive  change  (generally  an  increase  of  several  gammas 
in  the  magnetic  field  followed  by  a gradual  return  to  the  normal  field 
value  and  without  subsequent  large  field  changes  is  called  a sudden 
impulse  (S.l.  or  si)  (Reference  36).  The  changes  occur  simultane- 
ously at  stations  all  over  the  world  and  are  similar  in  characteristics 
to  S.C.s,  but  have  smaller  amplitudes  and  less  abrupt  changes  in 
field  intensity. 

Another  type  of  simple  magnetic  disturbance  is  characterized  by 
a gradual  increase  or  decrease  in  the  field  followed  by  a return,  per- 
haps with  small  oscillations,  to  the  undisturbed  field  value.  These 
disturbances  last  1 to  2 hours  and  generally  are  preceded  and  fol- 
lowed by  undisturbed  conditions.  The  horizontal  component  of  the 
field  is  affected  most  strongly  and  departs  from  undisturbed  field 
values  by  5 to  20  gammas  at  midlatitude  stations  and  is  perhaps  a 
factor  of  10  greater  at  higher  latitudes.  These  disturbances  are 
known  as  magnetic  bays  because  the  resulting  curves  of  field  inten- 
sity (principally  H ) recorded  at  a station  resemble  a bay  as  it  ap- 
pears drawn  on  a map  (Reference  41).  Magnetic  bays  are  most 
pronounced  at  high  latitudes  and  occur  principally  at  night  near  local 
midnight.  Positive  bays  occur  several  times  more  frequently  than 
to  negative  bays.  The  generation  of  magnetic  bays  and  sudden  im- 
pulses is  related  to  changes  in  the  solar  wind  pressure  and  to  changes 
in  the  southward  component  of  the  interplanetary  field  (References 
39  and  40). 

2.7  GEOMAGNETIC  PULSATIONS 
2.7, 1 Micropulsations 

Micropulsations  are  geomagnetic  field  fluctuations  that  occur  in 
the  ultra-low  frequency  (ULF)  region  below  about  3 Hertz  (Reference 
42).  They  have  periods  ranging  from  about  0.2  second  to  10  minutes 
and  amplitudes  varying  from  a fraction  of  one  gamma  to  several  tens 
of  gammas.  Figure  2-19  is  an  approximate  representation  of  i.he 
power  spectrum  of  magnetic  fluctuations  at  the  Earth's  surface  (Ref- 
erences 42,  43,  and  44).  The  figure  is  a composite  of  data  recorded 
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sctrum  of  geomagnetic  disturbances  observed  on  the 
irface. 
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in  various  frequency  ranges  (References  43  and  45  through  49).  Al- 
though the  general  trend  of  the  data  presented  on  the  figure  may  be 
accepted  as  a fair  representation  of  actual  average  conditions,  sub- 
stantial uncertainties  ctill  exist  in  the  interrelationship  between  var- 
ious types  of  disturbances.  The  ranges  of  proton  and  electron  gyro- 
frequencies,  t'i  and  l/g  , respectively,  are  Indicated.  The  range  of 
periods  T and  characteristic  amplitudes  6l-I  are  indicated  for  several 
classes  of  fluctuations.  The  micropulsation  spectrum  is  bordered 
at  low  frequencies  by  storm  time  and  Sq  phenomena  and  at  high  fre- 
quencies by  extra- low  frequency  (ELF)  phenomena. 

Certain  types  of  micropulsations  have  been  classified  according 
to  the  assignments  shown  on  Figure  <i-19.  Micropulsations  are  di- 
vided into  two  general  types:  continuous  pc,  and  irregular  pi.  A 
pc  micropulsation  displays  amplitude  variations  that  are  quasi  • 
sinusoidal.  A pi  micropulsatioii  has  irregularities  in  both  frequency 
and  amplitude.  The  pc-1  pulsations  have  amplitude  traces  that  re- 
semble beads  on  a string  and  are  sometimes  referred  to  as  pearls 
(also  hydromagnetic , hm,  emissions,  and  pp).  In  older  literature, 
pc  5s  were  known  as  giant  pulsations  (Pg)  because  of  large  amplitudes. 

2,7.2  ELF  Pulsations 

Pulsation  frequencies  ranging  from  about  3 to  3,000  Hertu  make 
up  the  ISLF  region.  The  principal  pulsations  occurring  in  this  fre- 
quency range  are  EL.F  sferics  siow-tails.  Earth-ionosphere  cavity 
resonances,  and  ELF  emissions  (Reference  42). 

Sferics  (an  abbreviation  for  atmospherics)  are  electromagnetic 
signals  from  atmospheric  electrical  discliarges  that  propagate  in 
the  wave  guide  formed  by  the  ground  and  the  lower  edge  of  the  iono- 
spheric E-region  (Reference  50),  The  waveform  of  a sferic  recorded 
at  a large  distance  from  the  source  consists  of  a main  high-frequency 
(mostly  VL'F  ) oscillatory  head,  frequently  followed  by  a lower  fre- 
quency (ELF)  tail-like  oscillation  that  is  sometimes  referred  to  as 
a slow-tall  (Reference  61).  Slow-tails  commonly  last  about  20  milli- 
seconds and  have  frequency  components  mainly  in  the  range  30  to 
several  hundred  Hertz;. 

Cavity  resonance  signals  are  disturbances  that  are  resonantly  ex- 
cited by  lightning  transients  in  the  concentric  spherical  cavity  ftjrrned 
by  the  Earth's  surface  and  the  lower  region  of  the  ionosphere  (Refer- 
ence 52).  The  power  spectra  of  the  signals  often  chow  m.uiima  near 
7.8,  14.1,  20.  3,  2().  4,  and  32.  5 He iT/.. 
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Occasionally,  whistlers  and  other  phenomena  that  normally  occur 
at  higher  frequencies  in  the  VLF  (very  low  frequency)  range  some- 
times produce  lower  frequency  components  in  the  ELF  region.  Also, 
proton  whistlers  (Reference  53)  and  emissions  (Refe.rence  54),  attrib- 
uted to  radiation  at  the  gyrofrequency  of  auroral  protons,  have  been 
observed  in  the  ELF  range. 

2.7.3  Whistlers  and  VI.F  Emissions 

Whistlers  are  field  pulsations  observed  in  the  frequency  range 
from  300  to  30,  000  Hertz  (Reference  55),  They  are  produced  by 
the  electromagnetic  disturbance  from  lightning.  A part  of  the  energy 
from  the  disturbance  per.etrates  the  ionosphere  and  propagates  along 
geonragnetic  field  lines  to  the  opposite  bsmisphere.  The  higher  fre- 
quency components  of  the  disturbance  signal  arrive  first  as  a result 
of  wave  dispersion  by  the  ionosphere.  Much  of  the  power  is  in  the 
audio  range  (50  to  20,000  Hertz).  After  conversion  to  audible  sound, 
the  signal  is  perceived  as  a variable  pitch  "whistle"  lasting  a frac- 
tion of  a second  to  2 or  3 seconds.  Whistler  echoes  often  are  pro- 
duced when  the  signal  is  reflected  several  tinrcs  fronr  the  end  points 
of  its  path.  Whistlers  are  more  apt  to  occur  at  nighttime,  probably 
because  of  reduced  absorption  in  the  ionosphere.  The  peak  in  whis- 
tler activity  occurs  near  50-degree  geomagnetic  latitude;  few  whis- 
tlers are  heard  near  the  geomagnetic  equator  or  [jolcs.  Nuclear 
detonations  also  produce  whistlers  with  charade i islice  essentially 
the  same  as  those  of  natural  whistlers. 

VLF  emissions  are  other  phenomena  having  frequencies  in  lh<3 
whistler  range  (Reference  55)  and  are  believed  to  originate  from  the 
excitation  of  whistler  mode  waves  by  charged  particles  streaming 
along  field  lines.  The  n\osl  con^mon  VI.F  emission  is  known  as 
c ho r u s (or  dawn  chorus)  and  consists  (,>f  a series  of  oscillations  j^ru- 
ducing  sounds  that  rosembie  birds  chirjnng  at  dawn.  Another  kind 
of  emii.sion  is  a noise  known  as  hiss,  produced  by  continuous  broad- 
band emission  in  the  !•  to  20,  0('0-Hert/.  range,  l-'eriodic  Vi.E  emis- 
sions  arc  a type  consisting  of  short  bursts  repeated  at  regular  inter- 
vals, typically  of  several  seconds.  ']  hey  are  believed  to  be  cavised 
by  a whistler  and  its  echoes  triggering  other  emissions  in  tire  iono- 
sphere, perhaps  llirough  the  agency  of  .streaming  instabilities  (Sec- 
tion 5).  A complete  discussion  of  these  and  other  lyires  of  VLF 
emissions  is  coniiiined  in  Reference  55, 
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APPENDIX  2A 
GEOMAGNETIC  INDICES 


The  K-index  is  designed  to  measure  the  degree  of  magnetic  disturb- 
ance produced  at  a station  by  the  solar  wind,  geomagnetic  field 
interaction.  It  is  intended  to  serve  as  an  indicator  of  solar  wind 
activity  and  is  determined  at  a station  for  every  3-hour  interval  dur- 
ing the  day,  commencing  at  0000  Universal  Time. 

K is  based  on  the  amplitude  range  R of  the  most  disturbed  magnetic 
component  observed  within  a 3-hour  interval  at  the  station  after  Sq 
and  L variations,  solar  flare  effects,  and  long-term  recovery  effects 
have  been  eliminated  from  the  observations.  The  ranges  of  R (in 
gammas)  that  define  K on  a quasi-logarithmic  scale  for  the  standard 
(midlatitude)  magnetic  observatory  are  shown  in  Table  2A-1. 

Table  2A-1 . Ranges  of  R (in  gammas)  that  define  K on  a 
quasi-logarithmic  scale. 


0-5 
5-10 
10-20 
20  - 40 
40  - 70 


K 

R(y) 

5 

70-120 

6 

1 20  - 200 

7 

200  - 330 

8 

330  - 500 

9 

^ 500 

To  take  the  latitude  dependence  of  i\ingnetic  variations  into  account, 
different  R scales  are  adopted  at  other  station.^  to  yield  frequency 
distributions  in  K that  agree  vvith  the  distribvition  at  the  standard 
observatory.  Thus,  a K of  9 represents  300  gammas  or  nujre  at  low 
latitudes  and  2,  500  gammas  or  more  at  auroral  /.onv  stations, 

I'he  Kp  (planetary)  i-hour  index  is  designed  to  measure  the  world- 
wide, or  planetary,  geomagnetic  activity  and  is  based  on  K-values  from 
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12  stations  located  at  magnetic  latitudes  varying  from  48  to  63  degrees. 
These  K-indices  are  processed  to  eliminate  local  effects  and  then 
translated  into  standardir.ed  indices  Ks  on  a finer  scale  of  28  grades 
from  Oo,  0+,  1-,  lo,  1 -t , 2-,  2o,  2+,  3-,  ...  to  7+,  8-,  So,  Si,  9-, 

9o,  Kp  is  the  average  of  the  12  Ks  valxies  and  also  is  expressed  on 
the  same  scale  as  Ks.  A Kp  value  of  Oo  indicates  an  exceptionally 
quiet  period  and  the  value  9o  denotes  the  most  severe  storm  conditions. 

A measure  of  magnetic  activity  that  is  approximately  linear  is 
sometimes  preferred  for  certain  investigations.  The  3-houi’  equiv- 
alent planetary  amplitude,  called  ap,  was  constructed  for  this  pur- 
pose by  converting  Kp  to  the  scale  shown  in  lable  2A-2, 


Table  2A-2.  Equivalent  amplitude  ap  versus  Kp. 


Kp 

ap 

Kp 

op 

Oo 

0 

5- 

39 

Ot 

2 

5o 

48 

1- 

3 

5( 

56 

lo 

4 

6- 

67 

u 

5 

6o 

80 

2- 

6 

94 

2o 

7 

7- 

in 

2+ 

9 

7o 

132 

3- 

12 

7+ 

154 

3o 

15 

8- 

179 

3+ 

18 

8o 

207 

4- 

22 

8t 

236 

4o 

27 

9- 

300 

4-1 

32 

9o 

400 

The  numerical  value  of  ap  is  said  to  be  in  units  of  2 gammas  (e.g., 
for  Kp  ■ 4i,  ap  u4  gammas)  heca\ise  at  the  standard  observatory 
the  averag<-  range  in  gammas  of  the  most  di.sturbed  field  element  for 
a givi'u  Kp  is  twice  a;5.  Wlien  thi>  eight  ap  v.alues  for  one  day  are 
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[ averaged,  a new  index  Ap  is  obtained  known  as  the  daily  equivalent 

; planetary  amplitude. 

Similar  scales  also  have  been  derived  for  individual  stations  and 
are  termed  ak  and  Ak . The  index  ak,  known  as  the  eqviivalont  3-hour 
range,  is  a reconversion  of  K into  a linear  scale,  and  the  index  Ak, 
called  the  equivalent  daily  amplitude  at  a station,  is  the  average  of 
the  eight  ak  values  for  a day,  A detailed  discussion  of  magnetic 
indices  is  given  in  Reference  56. 
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^ APPENDIX  2B 

■ MAPS  OF  THE  GEOMAGNETIC 

LATITUDE  AND  LONGITUDE 


This  appendix  contains  north  polar,  south  polar,  and  world  maps 
of  geomagnetic  latitude  and  geomagnetic  longitude  at  the  Earth's  sur- 
face and  at  3,  000~kilometers  altitude  (Reference  9),  The  plots  are 
based  on  the  IGRF  field  model  (References  7 and  8)  for  epoch  1969.  75. 
X and  <t>  are  geographic  latitude  and  longitude,  and  A and  <I>  are 
geomagnetic  latitude  and  longitude. 
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Figure  2B-4.  North  polar  plot  of  geomagnetic  coordinates  ut  3,000-kilometer  oiritude 
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APPENDIX  2C 

CONTOURS  B,L  FOR  VARYING  ALTITUDES 


This  appendix  contains  contours  of  constant- B in  gauss  and  con- 
tours of  constant-L  in  Earth  radii  at  100-,  400-,  800-,  1,600-,  and 
2,000-kilometer  altitadea  (References  14  and  57). 


2-59 


CoMtoyrs  of  constont-B  ond  constant' 


21  January  1977 


REFERENCES 


1.  J.  C.  Cain,  W.E.  Daniels,  S.J.  Hendi'icks,  and  D.  C.  Jensen. 

"An  Evaluation  of  the  Main  Geomagnetic  Field,  1940-1962,  " 

J.  Geophys.  Res. , 70,  3647-3674,  1965. 

2.  J.  C.  Cain.  "Structure  and  Secular  Change  of  the  Geomagnetic 
Field, " Rev.  Geophys.  Space  Phys.  , 13,  No.  3,  203-206,  1975. 

3.  W.D.  Parkinson  and  J.  Cleary.  "The  Eccentric  Geomagnetic 
Dipole,"  J,  Geophys.  Res.,  346,  1958. 

4.  F.T.  Finch  and  L3.R.  Leaton.  "I  he  Main  Magnetic  Field- 
Epoch  1955,  " Geophys.  Supp.  RAS,  J7»  314,  1957. 

5.  M.  Abraham  and  R.  Becker.  The  Classical  Theory  of  Electric- 
ity and  Magnetism,  Hafner,  New  York,  translation,  283  pp. 

6.  C.E.  Mcllwain.  "Coordinates  for  Mapping  the  Distribution  of 
Magnetically  Trapped  Particles,  " J . Geophys.  Res.,  66,  3681- 
3691,  1961. 

7.  ,T.C.  Cain  and  S.J.  Cain.  "Derivation  of  the  international  Geo- 
magnetic Reference  Field,"  International  Geomagnetic.  Reference 
Field  10/68,  NASA  Preprint,  X-6 12-68-50 1 , December  1968, 

8.  lACiA  Commission  2,  Working  Group  4,  Analysis  of  the  Geomag- 
netic Field,  "International  Geomagnetic  Reference  Field  1965.0," 
J.  Geophys.  Res.  , 74,  4407-4408,  1969. 

9.  J.E.  Evans-  I..  L.  Newkirk,  and  13.  M.  McCorrnac.  North  Polar, 
South  polar,  V/orld  Maijs  and  Tables  of  Invariant  Mag,netic  Coo  r - 
dinates  for  Six  Altitudes;  0,  100,  300,  600,  1000,  and  3000  km, 
DASA  2347,  i.ockheed  .Palo  .Alto  Research  Laboratory,  I'alo  Alto, 
California,  October  1969. 

10.  Handbook  ot  Geophysics,  Revised  Edition,  United  Slates  Air  Force, 
The  Macmillan  Co.  , New  York,  I960. 

11.  S.  Chapman  and  J.  Bartels.  Geomagnetism,  11,  ()09-6(i9,  o.\- 
ford  University  Press,  .London,  1940. 


2-71 


I.  I-./.:.. 


21  Januory  l'?77 

12.  A.  J.  Zmuda,  ".A  Method  for  Analyzinj’  Values  of  the  Scalar 
Magnetic  Intensity J.  Geophys.  Res.,  63,  477-490,  19^>S. 

13.  D.C.  Jensen  ar.ri  W.  A.  Whitaker.  "A  Spherical  Marmouic 
Analysis  of  the  Geomagnetic  Field,  " J.  Geophys.  Res.,  05 , 
2500,  I960. 

14.  D.C.  Jensen  and  J.  C.  Cain.  "An  Interim  Magnetic  Field,  " 

J.  Geophys.  Res.,  67,  3568-3569,  1962. 

15.  S,  J.  Hendricks  and  J.C.  Cain.  "Magnetic  Field  Data  for 
Trapped  Particle  Evaluations.  " J.  Geophys.  Res.,  7 1 , 346- 
347,  1966. 

16.  J.C.  Cain,  S.J.  Hendricks,  R.A.  Langel,  and  W.V.  Hudson. 

"A  Proposed  Model  for  the  International  Geomagnetic  Reference 
Field,  1965,  " Preprint,  Goddard  Spaceflight  Center,  Greenbelt, 
Maryland,  1967, 

17.  "World  Magnetic  Survey  1957-1968,"  lAGA  Bull.  No.  28, 

A.  Zmuda  ed. , Paris,  1971. 

18.  J.C.  Cain  and  S.J.  Cain.  Derivation  of  the  International  Geo- 
magnetic Reference  Field  (IGRF  (10/68)),  NASA  Tech.  Note 

D-623?7  1971. 

19.  D.R.  Barraclough,  J.  M.  Harwood,  B.R,  Leaton,  andS.R.C. 
Malin.  "A  Model  of  the  Geomagnetic  Field  at  Epoch  1975,  " 
Geoph,  ,1.R.  Aatr.  Soc.  , 43,  645-659,  1975. 

20.  N.W.  Peddie  and  E.  D.  Fabiano.  "A  Model  of  the  Geomagnetic 
Field  for  1975,"  J.  Geophys.  Re.s.,  Bj_,  2539-2542,  1976, 

21.  "International  Geomagnetic  Reference  Field  1975,"  lAGA, 

EOS  Trans.  Am.  Geophys.  1).,  57,  No.  3,  12(1-121,  1976 

22.  E.Ii.  Vestine  and  W.  L.  Sibley.  Geomagnetic  Field  Nines  in 
Space,  Rand  Corp.  Rept.  R-368,  Santa  M-snic.a,  Calilornia, 
December  I960,  110  pp. 

23.  R.  Venkatesan.  "Isoconluur .s  of  Magnetic  .Shell  Parumetois  It 
and  1,  , " .1 . Geophys.  Hes.  , 70,  3771-3780,  19('5, 

24.  (I.  Kluge  and  K.E.  I.enh.art.  "Numerical  Fils  for  the  Gooniag- 
netir  Shell  l^arameler,"  Computer  Phyo.  Conun.  , 3,  3ii--ll, 
1972. 

25.  K.J.  VY.ilker.  "An  Evaluali(jn  of  Recent  Quantitative  Magneto- 
spneric  Magnetic  Pield  Model  s , " Rev.  Goo|)hys.  Sgiace  Res., 
14,  4 1 1-427,  197(). 


i' 

ii 

!/ 

! 


2-7? 


21  January  1977 


Z6.  G.  D.  Mead.  "Deformation  of  the  Geomagnetic  Field  by  the 
Solar  Wind,"  J.  Geophys.  Res.,  69,  1181-1195,  1964. 

27.  W.  P.  Olson.  A Scalar  Potential  Repr e&entation  of  the  Tilted 
Magnetopause  and  Neutral  Sheet  Magnetic  Fields,  Paper  VVD- 
1332,  McDonnell  Douglas  Astronautjc.-5  Company,  Huntington 
Beach,  California,  1970. 

28.  M.  Sugiura,  B.G.  Ledley,  T.  L.  Skillman,  andJ.P.  Heppner. 
"Magnetospheric  Field  Distortions  Observed  by  OGO  3 and  5," 

J.  Ceophys.  Res,,  7_6,  7552-7565,  1971. 

29.  K.W.  Behannon.  "Geometry  of  th(!  Geomagnetic  Tail,"  J. 

Geoi^hy s . Res , , 75 , 743-753,  1970. 

30.  W.  P.  Olson.  "The  Shape  of  the  Tilted  Magnetopause,  " J . 
Geophys.  Res.,  74 , 5642-5651,  1969. 

31.  D.J.  Williams  and  G.  D.  Mead.  "Night  Side  Magnetosphe re 
Configuration  as  Obtained  from  Trapped  Electrons  at  1100 
Kilometers,"  J.  Geojjhys.  Res.,  70,  3017-3029,  1965. 

32.  G.  D.  Mead  and  D.H.  Fai.rfield.  "A  Quantitative  Magnetospheric 

Model  Derived  from  Spacecraft  Magnetometer  Data,  " J . Gcophy  s , 
Res.  , 523-534,  1975. 

33.  A.J.  Masley,  W . P.  Olson,  andK.A.  Pfitiier.  "Charged  Par- 
ticle Access  Calculations,"  Proc.  Int.  Conf.  Cosmic  Rays  13lh, 

2,  1973. 

34.  II,  Maeda,  "Variations  in  Geonragnetic  I'ield,"  Space  Science 

lUiv.  , 555-590,  1968, 

35.  S.  Matsushita.  "Solar  Quiet  and  J.unar  Daily  Variation  h'ields," 
Physics  of  Cleomagnolic  Phenomena,  1,  301-424,  S.  Matsushita 
and  W.ll,  Campbell,  eds.  , Academic  l^ress,  New  York,  !"07. 

3(),  S.  Matsushita.  "Ceomag netic  Disturbances  and  Slo  rnis  , " 

Physics  of  Geomagnetic  Phenomena,  11,  793-819,  S.  Matsushita 
and  W.ll,  Campbell,  eds.,  Academic  Press,  New  York,  1907. 

37,  S.  Chaimiau  and  J,  Bartels.  "Tbe  Morphology  of  Magnetic  Dis- 
turbances,"  Geonuy^netl^jii^^  272-338,  O.^ford  University 
Press,  London,  PHt), 


I 

■| 


21  January  1977 


39.  C.  Rostoker  and  C.  -G.  Falthammar.  "Relationship  Between 
Changes  in  the  Interplanetary  Magnetic  Field  at  the  Earth's 
Surface,  " J.  Geophys.  Res.  , 72,  5853-5863,  1967. 

40.  D.H.  Fairfield  and  L.  J.  Cahill,  Jr.  "Transition  Region  Mag- 
netic Field  and  Polar  Magnetic  Disturbances,"  3.  Geophys. 

Res.  , 71_,  155-169,  1966. 

41.  S.  Chapnaan  and  J.  Bartels.  "Bays,  Pulsations,  and  Minor 
Disturbances,"  Geomagnetism,  1,  338-355,  Oxford  University 
Press,  London,  1940. 

42.  W.H.  Campbell.  "Geomagnetic  Pulsations,"  Physics  of  Geo- 
magnetic Phenomena.  II,  821-909,  S.  Matsushita  and  W . H. 
Campbell,  eels..  Academic  Press,  New  York,  1967. 

43.  C.  W.  Horton  and  A.A.J.  Hoffman.  "Magnetotelluric  Fields  in 
the  Frequency  Range  . 03  to  7 Cycles  per  Kilosecond,  1.  Power 
Spectra,"  J.  Res.  Natl.  Bur.  Stand.  USA,  66p,  487-494,  1962. 

44.  W.H.  Campbell.  "Rapid  Geomagnetic  Field  Varia.cicns  Observe 

at  Conjugate  Locations,"  Radio  Sci.  , 726-739,  1968. 

45.  W.H.  Campbell.  "Studies  of  Magnetic  Field  Micropulsations 
With  Periods  of  5 to  30  .Seconds,"  J.  Geophys.  Res.  . 64,  1819- 
1826,  1959. 

46.  J.B.  Wilcox  and  E.  Maple.  Navord  Report  4004,  U.S.  Naval 
Ordnance  Lab.  , White  Oak,  Maryland,  1957. 

47.  L.  R.  Tepley  andR.C.  Wentworth.  Structure  and  Attenuation  of 
Hydromagnetic  Emissions,  II,  73,  Lockheed  Physical  Sciences 
Laboratory,  Report  No.  1,  AFCRL-b2-32(U),  Palo  Alto,  Cali- 
fornia, 1962. 

48.  M.  Balser  andC.A.  Wagner.  "Observations  oC  Earth-lonospbe 
Cavity  Resonances,"  Nature,  188,  63J-6<''3,  I960, 

49.  A.  D.  Watt  and  E,  L.  Ma.iwell.  'Characteristics  of  Atmosphere 
Noise  from  1 to  100  kc,"  Proc.  i.R.E.,  45 , 78',-7"4,  1957. 

50.  A.  Kimpara.  "Llghtr.lv, g Flashes  and  Atmo.TphericH,  " Progress 
in  Radio  Science,  IV,  5-12,  F.  Horner,  ed.  , Elsevier  Publish- 
ing Co.  , New  York,  i9o5. 

51.  A.  L.  Hales.  "A  PoS'P.ble  h'.oclc  of  Pro]>agation  of  the  '.'ilow'  or 
'Tail'  Component  in  Atmospherics,"  Proc.  Roy.  Soc,  I.ondon, 
A,  193,  60-71,  1948. 


2-74 


) 


21  January  1977 


5'i.  T.  Madden  and  W.  Thompson.  "Low-Frequency  Electromagnetic 
Oscillations  of  the  Earth-Ionosphere  Cavity,  " Rev.  Geophys.  , 
211-254,  1965. 

53.  D.A.  Gurnett,  S.  D.  Shawhan,  N.  M.  Brice,  andR.L.  Smith. 

"Ion  Cyclotron  Whistlers,"  J.  Geophys.  Res.,  70,  1665-1688, 
1965. 

54.  A,  Egeland,  G.  Gustaffson,  S.  Olsen,  J.  Aarons,  and  W.  Barron. 
"Auroral  Zone  Emissions  Centered  at  700  Cycles  per  Second,  " 

J.  GecpUys.  Res.,  70,  1079-1082,  1965. 

55.  R.  A.  Helliwell.  Whistlers  and  Related  Icrospheric  Phenomena, 
Stanford  University  Press,  Stanford,  California,  1965,  349  pp. 

56.  J.V.  L.incolr,  "Geomagnetic  Indices,"  Physics  of  Geomagnetic 
Phenomena,  I,  67-100,  S.  Matsushita  and  W . H.  Campbell,  eds.  , 
Academic  Press,  New  York,  1967. 

57.  W.F.  Dudr.iak,  D.  D.  Kleinecke,  andT.J.  Kostigen.  Graphic 
Displays  of  Geomagnetic  Geometry,  RM63TMP-2,  DA.SA  1372, 
General  Electric  Co.  , Santa  Barbara,  California,  1963,  60  pp. 


.Uiiu 


21  January  1977 


SECTION  15 
INDEX 


-A- 

Absorptance,  8-3,  36  IT 
(see  Emissivity) 

Absorption  Wave 

(sec  Wave  absorption/ninplifi- 
cation) 

Absorption  center,  Color  center,  8-3,  4. 
36  IT 

Absorjition  coefficient,  8-1. S 
Acceleration/deceleration,  3-21,  2.S;  4-7; 

5-42,^4,  49,  ,57,  60;  7-2:  9-1 
Action  integral,  3-27 

(.see  Huniilton's  equationsl 
Adhesives,  842  if 

Adiabatic  invariant;  Adiabatic  approxi- 
mation, 1-9;  2-36;  3-26,  29  IT;  4-1, 
4,  6,  1 7,  55;  S-56  IT 

(.see  Constants  of  motion; 
Invariant  .surface) 

first  adiabatic  invariant,  2-36:3-30. 
()4  IT,  73:  4-6.  55;  .5-38,  42.  43, 
56.  57,  60 

(see  Magnetic  moment) 
second  adiabatic  invariant.  2-36, 
3-30  IT.  51  IT.  64.  68.  73;  5-38. 
42  ff.  56  ff 

third  adiabatic  invariao*.  l -10;3-3i. 
5-33,42  IT,  56 
Air.  7-5  IT;  8-30 

(see  Atmosphere) 

/VIIhhIo  neutron;  Cosmic  ray,  1-1 ! ; 5-1. 
2(1  IT 

(see  Cosmic  ray; Neutron 
decay) 

Alfven  \vave;Alfvcn  vcUuiiv.  I 1;  5-59  IT. 
66  IT.  82 

(.see  I’iasma  wave) 


Alpha  |>article,  4-20,  21,  94  to  99;  7-1; 

n-8 

.Amplification 

(sec  Absorption:  Growth  rate) 
Angular  niomentnni,  3-8,  9 
Anisotropy,  5-82,  86,  103 
Annealing,  8-10,  17,  38 
Anomaly 

(.see  South  American  . . .) 
Antenna;  Antenna  power.  9-1 8 
Aniineutrino 

(.sec  Neutrino) 

Arch  (trapped  electron),  7-1.3 
Argus 

(see  Nuclear  detonation: 
Artificial  radiation  belt) 
Artificial  radiation  belt.  4-7,  12,  13;  5-1, 
SO.  52.96:6-1  IT:  7-i  IT;  i2-2  IT 
Argus’,  6-29 

Argus  I,  6-14  IT,  18  IT.  21 
Argus  If,  6-1  5,21,  2d 
Argus  in,  6-2,  24,  25 
Orange.  6-9 

S>arfish.4-7,  13  to  16,  77.  80;  5-25, 
40,  50  Tf.  6-36.  39,  43  IT:  9-C\ 
23 

Teak,  64.  10  IT 
U.S.SR  Oct  22.  1962,  6-;7  IT 
US.SROci  28,  1962,6-49  IT 
USSR  Nov  I,  1962.  6-50  IT 
Asymmetric  ring  current,  115 
(sec  Ring  current) 

Atmosphere.  2-22:  3-23,  ‘.-4,  17,  18: 
5-I  IT,  18,  21  II.  2.5.  27,  35,  42,  .'iU, 
52.  .55  IT.  dC,  70,  72;  7-7  IT.  ,’2; 
9-21 , 1 1-9  IT 
.Atmospheric  cuitiff 

tseo  Cutoff) 
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Atmospheric  dynamo,  1-14;  2-40;  12-1 
Atmospheric  scattering 

(see  Coulomb  scattering) 
Atomic  radius,  5-3 
Aurora,  5-60;  9-6 
Auroral  particles,  1-? 

Auroral  region;  Auroral  zone,  1-6  ff;  241; 

4- 22 

Azimuthal  drift 

(see  Drift) 

-B- 

Baliistic  trajectory,  7-2  ff 
Bandwidth,  8-24;  9-18 
Base 

(sec  Bipolar  transistor) 

Base  layer,  8-1 5 ff 
Base  region  lifetime,  8-2 
Base  transport  factor,  8-23 
Beamwidth,  9-3,5,14  ff,  18 
Bessel  function,  9-5,  7,  8 
Beta  decay,  7-1  ff,  6,  13,  15,  18  ff 
Beta  electron;  Beta  particle;  Fission  Beta, 
7-3,6,  13;8-5;9-l;  11-9 
(see  Fis.sion. . .) 

Beta  tube,  6-3;  7-13,  14,  16 

(see  Magnetic  flux  tube) 

Binder,  8-36  ff 
Biological  damage,  1 0-1 
Biological  effectiveness  (RBC),  1 0-1 
Biological  system,  8-5 
Bipolar  transistor,  8-3  ff,  13,  20  ff,  34  ff, 
44 

Bohm  diffusion 

(see  Diffusion) 

Boltzmann  equation,  3-39  ff;  5-31,  71 
Boltzmann-Vlasov  equation.  5-68 
(see  Boltzmann  equation) 

Born  approximation,  8-67 

Bounce  pnriod/frequency,  3-23,  71  ff; 

5- 1.1  ff,  23.  96;  7-13,  27 

(see  Reflection) 

Bounce  resonance,  5-58,  60,  69,  94 
Boundaries 

(see  Magnetosphere;  Magneto- 
pau.se;  Pseudotrapping  region; 
Trapping  limits) 

B-mndary  ndd.  2-32,  34,  35 
Bound  electron,  5-2  IT,  7 ff,  23 
t'ftw  shock,  1-4 


Brazilian  anomaly 

(see  South  American. . .) 
Breakdown.  8-23,  28,  35 
Bremsstrahlung,  8-1, 65,  67  ff;9-l;  10-3; 
124 

Brightness,  9-1 8,  25,  29 
Brightness  temperature,  9-19,  21,  26  ff 
Bulk  semiconductor,  8-3,  20  ff 
(see  Semiconductor) 
Buoyancy,  7-3 
Butterfly  distribution,  6-12 

-C- 

Cadmium  sulfide  cell  (CdS),  8-1 7 
Canonical  conjugate,  3-26  ff 

(see  Hamilton’s  equation) 
Capacitance,  8-21,31 
Carpenter’s  knee,  1-17 
Carrier  density/lifetime/removal  rate.  8-3, 
6,9,  1 1.  13,  20  ff 

(sec  Majority  carrier;  Minority 
carrier) 

Cavity  resonance,  2-43,  44 
CdS 

(see  Cadmium  sulfide) 
Center-of-mass  reference  frame 
(see  Coordinates) 

Cerenkov  detector,  1 14 
(see  Detector) 

Channel,  8-30  ff 
Channel  multiplier,  1 1 -4 
(.see  Detector) 

Charge  density,  342 

Charge  exchange.  4-18;  5-5  ff,  19,  20; 
7-7  ff;  11-30 

(see  Cro.ss  section) 

Charging;  Spacecraft,  4-19 
Chorus.  245 

CIRA  model  ntniosphere,  1 1-15 
(see  Atmosphere  . . .) 

CMOS 

(see  Complementary  Metal 
Oxide  Semiconductor) 

Coating 

(see  Optical  . . .) 

Cold  pla.sma,  5-103,  107 

(.see  Temperature) 

Cold  plasma  dispersion  e(|uation,  5-71, 
74.  80 

(.see  Dis|K'rsion  equation) 
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Collective  behavior 

(see  Plastna;  Collision) 
Collector,  8-23  if 

(see  Bipolar  transistor) 
Collision,  particle,  3-1  ff,  38  ff;  5-1  to 
27,  69;  7-6 

(see  Deflection;  Cross  section) 
Collision  force,  3-3,  40 
Collision  frequency,  3-42,  45 
Color  center 

(see  Absorption  center) 
Complementary  Metal  Oxide  Semicon- 
ductor (CMOS),  8-35  ff 
Compression 

(see  Magnetic  . . .) 

Computer  programs,  3-89  ; 11-35  ff 
adiabatic  motion,  1 1-46 
angular  drift  velocity,  1 142 
atmospheric  dcnsit'  js,  1 1 -39,  42 
B,  L,  1 1 36 

decay  factors  fur  urtifictal  radiation 
belts,  1148 

exposure  of  a satellite  to  radiation. 
ll-42ff 

geomagnetic  field,  1 1-37,  38 
high-altitude  nuclear  effects,  1 1-35 
omnidirection  to  direction  fiux 
conversion,  3-89 

trapped  particles  in  outer  magneto- 
sphere, 1 140 

trapped  particles  from  nuclear  deto- 
nations, 1 1 40 

trapped  particle  shells  and  kinema- 
tic pan.meters,  1 !-39 
(rapping,  1 141 , 44 
Computer  simulation,  5-83 
Cimduction  electron/hole,  8-10 
Conductivity,  341  IT;  7-5;  8-3,  15.  20, 
22  IT 

(Sv'e  Kesistivity' 

Condi'ctivity  tensor,  343  IT;  541,  43 
Conjugate  region; Conjugate  mirror  point, 
7-6,  13.  15 

Constants  of  motion,  3-2,  26 
Continuity  equation,  340,  42 
Contour  plot.ilux  contour,  7-9, 10;  8-37; 
9-20 

Convection,  1-12,  14  IT,  17;  4-5,  17.  19; 
549,  108  If.  12-3 


Coordinates 

B,L.  2-20,  22,  23,24,25,59  10  70; 
3-33  ff 

(see  L-  parameter) 
cartesian,  5-1 1 
center  of  mass,  5-3,  23 
curvilinear 

(see  Euler  potential) 
cylindrical,  2-9,  12;3-7;5-12 
energy,  pitch  angle,  5-13 
geocentric,  24 
geographic,  2-16 
geomagnetic,  2-13,51  to  57 
polar.  2-22 

spherical.  2-9,  11,  25;  3-28;  5-47 
velocity,  pitch  angle,  5-12,  13 
wave  frame,  5-64 
Core  field,  2-1 
Corotation,  1-13,  15 

Cosmic  radio  noise,  9-21.  23,  26,  28.32 
(see  Radio  noise) 

Cosmic  ray,  2-36;  4-3;  5-1 , 26,  31 
(see  Albedo  neutron) 

Cosmic  ray  star,  5-27 
Coulomb  collision;  Coulomb  scattering, 
2-22:4-17.  89;  8-8  IT 

(see  Cross  section,  Rutherford) 
Cover  slide  (solar  cell),  8-14  IT 
CR  AND  source  for  protons,  1-1 1 ; 1 2-2 
Critical  mirror  point 
(see  Cutoff) 

Crochet  2-40 
Cross-L  diffiKsion 

(see  Radial  diffusion) 

Cross  .section 

Bremsstrahlung.  8-67 
capture.  8-10 

charge  exchange,  5-20;  7-7 
colliiion,  7-3  IT 
displacement,  8-8  IT 
emission,  8-10 
hard  sphere,  elastic,  8-8  I f 
Mdller,  5-3 

momentum  exchange.  74 
nuclear  reaction,  5-20  IT 
Rutherford, Coulomb,  etc.,  5-3  ; 

8-8  ff 

.secondary  production,  5-20 
total,  5-31,32 
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Crystal,  8-7  tT.  37 

(sec  Luillce) 

Current 

(see  (tain;  Sainrntion) 

Current: Current  density,  3-17,  4 1 IT 
Curvature,  3-18 

(see  Drift) 

Cutoff  frc()Ueney,  8-24 
Cutoff  inagnetie  field:  Atmosplierk'  eul 
off,  2-30;  4-0 

Cutoff  pitch  angle;  Atmospheric  culof'f; 
Critical  mirror  i»oint,  3-22  IT.  50  IT; 
.S-23,  37;  7-10  IT.  14  IT 
Cyclotron  frequency 

(.see  {lyrofreqiioney) 

Cyclotron  radiation 

(see  Synchrotron) 

Cylindrical  components 

(see  ( 'oordlnulL'Ni 

D 

Damage  coefficient,  8-4.  12.  14.  2.‘J.  70 
Damage  e(|uivaien(.  normally  incident 
tluence  (DENI),  8 4 IT.  I 7,  70  IT 
Debris 

(.see  Radioactive  . . ,) 

Debye  length,  3-38;  54,  1 3 
Debye  .sphere,  3-38;  5'  1 3 
Decay  of  artificial  radiadon  belt,  .5-1 . 84; 
6-1,  2 

(sec  Lifetime) 

Argus  1,  6-2.  20.  22.  25 
Argus  II,  6-2,  23.  20 
Argus  III.  6-2,  24.  25 
Orange.  (>-2 
Starffsh,  6-2,  30  i f 
Teak,  6-2,  10,  12 
Decay  time,  4-4,  5.  13 
Deceleration 

(see  Acceleration) 

Defect;  l.atticc  defect;  Defect  center, 
8-2  IT,  13.  3<)  IT.  42 

(see  Imperfection) 

Defect  cluster,  8-10 
Dellection:  Scattering 

(see  Cross  section) 
t)V  waves,  5-03  IT 
( oulomb;  atmospheric,  5-22  IT 
multiple;  cumulative,  5-3.  0 IT,  22  tt 
neutron,  5-32 


Degenerate  integral  invariant,  3-32,  73, 
75 

(see  Adiabatic  invariant, 

.second ) 

Degradation,  8-1  iT.  (>,  ! 3,  17  IT 
Delayed  neutron.  1 1 8 

(see  1-is.slon  . . .) 

Delta  function;  Dirac  delta  function, 
*t-80 
DENI 

(see  Damage  ei|uivaienl) 
Density.  341 

(.see  Distribution  function) 
Deplelioir;  Depletion  region.  8-3 1 
Depth-Dose,  8-52,  58,  (>'(,  o8 
Deleclois.  ruillation.  Ill  M.  ivl4,  2t> 
Deiileron,  7-1 

Device  ehuraeterislie.  8-2,  1 3 
Diumugnelisin,  3-20.  23,  42;  7 4 
Dieleelrie.  8-7,  34,  3 5C 
Diffu.sed  layer,  8-1  5 IT 
Diffusion.  4-1,  7.  17,  18,  I0;  5-13;  /-5, 
28 

Uohm.  5-103;  12  2 
l><nmee-re.sonant,  I'ermi  ucccleru 
lion,  5-57  IT.  04 
energy.  5-22  IT.  65,  04  IT 
iteutron,  5-32 

pitch  angle,  NO;  5-13  I'l,  2.1  11, 
(.5  ff.  03  IT 

radial;  eross-L,  1-11,  S-31,  4.1  IT, 
04. 108 

l•■okker•PlulKk;  vcloeily  space, 

5-13  IT 

Diffusion  coefficient,  5-13,  17,  23.  ,t2, 
4o  IT.  05  IT,  08  IT,  ■'•28;  8-14,  20 
Diffu.sion  e<iualion,  5 13  I f,  05 
(see  I'okker  IManek) 

Diffu.sion  length,  8-15  11,  20.  23 
Diffu.sion  tiaieclory,  5-(>5  IT,  O.S 
Digital  circuit ; Digital  device.  8-. (4 
Dilation  factor 

(see  Relativity) 

Dilution  factor,  7-20 
Diode.  8-(>,  13.15  IT 
Dip  angle 

(see  Magnetic  ineliiialion) 
Dipole  field.  2-1,  5,  0,  lo.  18,  20,  25,  2'< 
Dipole  magnelie  fieUl,  3-3,  7 IT,  31.  .TL 
51  IT;  5-38,  42,  46,  56.  5 7,  0- 1 , 25 
(see  (icomagnelie  field i 
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Dipoie  moment 

(see  Magnetic  moment) 
Directional  flux;  Specific  intensity,  3-36, 
91  ff 

Dispersion  equation,  5-68  ff 
Displacement,  latiice,  8-7  ff,  36  ff 
Distribution  function,  3-35  ff.  39;  4-6; 

5-10,23,68,71,  107 
Disturbance  field;  Fluctu.'Mion  field, 

5-46  ff 

Dopant;  Doping,  8-3,  20,  24,  3,5C 
Doppler  shift,  5-64 

(see  Resonance) 

Dose.  8-1,  5,  14,  28  ff,  44.  46  ff.  52  ff; 
10-1  ff 

(.see  Fluence) 

DP2,  5-42  ff 

(sec  Geomagnetic  disturbance) 

Drain 

(sec  Field  effect  transistor) 
Drain  current,  8-29  ff 
D-region  of  ionosphere,  1 1-30 
Drift;  Drift  velocity.  3-15  ff,  24.  33.  36; 
4-2;  5-46;  7-4,  13 

u/imuthal,  1-8  ff;  3-19,  24,  36 
(see  Gradient-U  drift) 
curvature,  3-18 
LxU,  1-1  2; 3-1 5 ff.  26 
generaliml,  3-17 
gradient-U.  3-18  ff,  43 
(see  Drift,  azimuthal) 

Drift  dilution,  7-1  7.  21  ft 
Drift  field  solar  cell,  8-17 
(see  Solar  cell) 

Drift  perioil/fre(|uency ; Azimuthal  drift 
period/frequency;  Drift  rate,  3-23  ff, 
71  ff;  5-18.  42  ff.  47  ff;  7-12,  17.  19 
Drift  shell  splitting 

(.see  L-,shell  solitting) 

1)S  (Ds|  magnetic  stonn  component,  2-41 
(see  Cieomaguetic  , , .) 

DST  (Dst)  magnetic  storm  component, 
2-41 

(sec  Geomagnetic  . . .) 
Dynamical  friction.  5-14,  1 7.  23 
(see  Fokker-lManck) 

Dynamical  trajectory,  3-3,*;  fl 


-E- 

East-west  asymmetry,  5-22 
Effective  damaging  energy.  8-7 1 
Eigen-mode;  Eigen  value,  5-13 
Elastic  .scattering,  8-9 

(see  Cross  section) 

Electric  current.  2-1 . 2,  18,  19,  28.  34  to 
37,40 

Electric  field 

ionospheric,  1-13  If 
magnetosphcric,  1 -1  2;  4-1  7,  1 9,  92 
Electric  potential 

(see  Potential . . .) 

EIcctrojet 

(see  Polar . , .) 

Electromagnetic  wave,  4-3,  17;  5-6),  98 
(see  Plasma  wave) 

Electron,  2-28,  41 ; 4-2,  6 to  20,  56  to  92 
Electron-hole  pair,  8-7  ff 
Electron  s'ot 

(see  Slot  region) 

Electron  temperature 

(.see  Temperature) 

Electron-volt 

(see  Units) 

Electrostatic  force.  3-38;  5-3 
Electrostatic  wave.  5-71 , 82,  98 
(see  IMasma  wave) 

ELF 

(.see  Extra  low  fretpicncy) 
Emi.ssion  coefficient,  9-18,  22,  25  ff 
EniLssion  pattern 

(see  Radiation  pattern; 
Synthrotron  . . .) 

Emi.ssivity ; Emittance.  8-3,  36,  42  ff 
Emitter 

(.see  Bipolar  transistor) 

Energy 

kinetic,  3-4  9-2 
rest  mass,  3-4 

total  (relativistic),  7-19. 9-5 
Energy  density.  7-5 

Energv  level;  Energy  band,  5-2,  10;  4 10. 
37  ’ 

Energy  sjreclrum,  5-31;  ()-12,  25  ff.  29. 
36V3.5  4(,;  7-2,  10,  27-8-2  ff,47.  52, 
58.69. 71; 9-21 
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Energy  transfer,  3-40;  5-3 
Environment:  Radiation  environment, 

8-1,5,57 

Epitaxial  deposition,  8-33 
Equation  of  motion,  3-2  11,5 
Equatorial  pitch  angle,  9-25 
Equivalent  1 MeV  fluence/flux,  8-44,46, 
70  ff 

(see  Damage  equivalent) 
E-region,  11-30 

(see  Ionosphere) 

Error  function,  5-15 
Euler  potential,  3-27  tf ; 5-38 

(see  Hamilton’s  equations) 
Excitation-ionization  potential,  5-3,  7 If, 
19 

Exosphere,  11-12  tf 
Expansion  of  debris,  7-8 

(see  Magnetic  compression/ 
expansion) 

External  field,  2-33 

Extra  low  frequency  (ELF),  2-44 

Extrittsic  semiconductor,  8-3 

-F- 


Fan-out,  8-34, 35C 
Faraday  cup,  1 1 -4 

(see  Detector) 

Faraday’s  Law,  3-24 

(see  Maxwell’s  equations) 

Fenni  acceleration,  5-57 , 60 
Fermi  potential.  8-3 1 

FET  . , 

(see  Field  effect  transistor) 

Field,  electromagnetic,  5-2 
Field  effect  transistor  (FET),  8-3,  6, 13, 
28,  3 1 ff,  44 
Field  equations,  3-42 

(sec  Maxwell’s  equations) 


Field  intensity 

(see  Magnetic  field  . . ) 

Field  line,  2-10,  11.  13, 

37,  40;3-l8.24  ff. 2.S;4-19.  91 ; 5-35. 
57.  61 ; 6-43;  7-5,  6,  9,  16;9-3,  16 
Field  line  connection,  1-17 


Field  stre.igth 

(see  Magnetic  field  . . •) 

Filters,  optical,  8-42,45 


Finite  difference.  5-13 

Fireball,  7-2  ff 

First  adiabatic  invariant 

(see  Adiabatic  invariant; 
Magnetic  moment) 

Fission  physics,  1 1 -4  ff 

alpha  particles,  1 1-8 

beta  particles,  8-5,  58  tt,  81;  11-9 
beta  spectra,  8-58,  65  ff,  76;  11-9 
fragments;  products,  6-1,  3,  29,  46, 
7-1, 6, 9 

(see  Radioactive  debus) 

Fluctuation  field 

(see  Disturbance  field) 

Fluence.  4-16,  87;  8-2  ff,  1 4 ff,  2 1 . 24  ff, 
28,  32,  39  ff,  44  ff,  70  ff 
Fluting  instability 

(see  Interchange  instability) 


contours 

(see  Contour  plot) 
density 

(sre  Magnetic  field) 
directional 

(see  Directional  flux) 
magnetic,  3-23,  25, 30  11 
omnidirectional 

(sec  Omnidirection, i! . . .) 
Fokkcr-Planck  coefficient,  5-1 1 ff,  22  fi, 
46,93 

(see  Diffusion 

Fvykkec -Planck  equation,  5-10  It,  22  11. 
46,  58  ff,  94 

(sec  Diffusion  . . .) 

Forbidden  region.  3-8  IT;  5-27 
(see  Trapping  . . .) 

Fourier  analysis;  Fourier  component, 
5-47;  9-2 

Free  electron,  5-2,  4,  8,  23;  8-10 
F-region,  11-30 

(see  Ionosphere) 

Frequency  spectrum,  9-5.  10,  16 
(sec  Power  spectrum) 

Frozen  field,  3-26;  5-4 1 ; 7-4.  5 
(sec  Field  line) 


-G- 


Gain.8-221T.35.35C 
Gamma  rays,  8-2,  30,  67;  11-8 
(see  Fission  . . .) 
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Gate,  8-13,  29  ff 

(see  Field  effect  transistor; 
(Me\a!l  oxide  semiconductor. . ,) 
Gate  voltage,  8-2^ 

Gauss  normalized  Legendre  functions, 
2-19 

Gaussian  coefficient,  2-i9 
Gaussian  units,  3-1, 47 
(see  Units) 

Geiger  counter,  11-1 

(see  Detector) 

Geomagnetic 

activity,  5-25 

coordinate  systems,  2-14  to  2-18 
disturbance  fluctuation;  pulsation, 
5-42  ff,  56  ff,  69,  84 
equator,  2-16;  9-19  ff 
field.  2-1  ff;  3-1,  8,  IS,  19  ff,  28. 

31,33,36;5-44;9-14ff,25 
index,  2-47 

latitude;  longitude,  2-16,  28,  51; 
7-9,  10;  9-29 
(s^e  Coordinates) 
meridian,  2-16 
pole,  2-16 
pulsation,  242 

storm,  240,  41,  43,  48;  44  to  7. 
12,  15,  21.  22,  55;  5-52,  72  ff, 
103 

tail,  geotail,  4-1 
transient  variations,  2-39 

(see  Geoinajjnetic  disturbance) 
Geometry ; Geometric  factor,  8-5 
Giant  pulsations,  244 
Gradient  drift,  41 7 
(see  Drift) 

Gradient  magnetic  field,  3-18 
(see  Drift) 

Gravitation;  Gravitational  force,  3-1,  3, 
18;  5-32;  7-5,  6 
Green’s  theorem,  3-30 
Group  velocity,  5-78 
Growth  rate,  5-78 

(see  Wave  amplific:j,tiun) 

GSFC  field  model,  2-19 
Guiding  center,  3-2,  13,  15  ff,  19,  26  ff, 
43;  5-22 


Gyro  radiation 

(s_e  Synchrotron  radiation) 
Gyro  radius,  3-7,  15,  19;  5-56 

-H- 

Hall  conductivity,  344 
Hamiltonian,  3-26  ff;  5-38 
Hamilton’s  equations;  Hamilton-Jacoby 
theory,  3-26 
Hardening,  8-35,  3 SC  IT 
Harmonic  number,  frequency,  9-5  ff 
Harmonic  analysis 

(see  Fourier;  Spherical 
harmonic) 

Harris  and  Priester  model  atmosphere, 
11-15 

(see  Atmosphere  . . .) 

Heat  capacity;  Heat  content,  7-3 
Heat  transfer,  340 
Helium  ions  in  ionosphere,  1 1-30,  32 
Heterosphere,  11-9,  12  If,  15 
(see  Atmosphere) 

Hiss,  245 

(see  Geomagnetic  pulsation) 
Hoie.8-3,  7,  10,31 
Homosphcrc,  1 1-9 

(see  Atmosphere) 

Horizontai  magnetic  intensity,  3-3,  4 
Hot  plasma,  5-103,  107 

(see  Temperature) 

Hybrid  integrated  circuit,  8-33,  35 
(see  Integrated  circuit) 
Hydrodynamics,  3-3,  40;  7-(> 
Hydromagnetic  model;  Hydromagnetio 
equations,  3-38,  40,  43;  7-6,  7.  28 
(,sce  Plasma  . . .) 

Hydromagnetic  stability/instability,  5-33, 
38  ff 

(.see  Instability) 
Hydromagnetic  wave.  5-58 
(see  Plasma  wave) 

Hydrostadc  equation,  5-18 

-I- 

IGRF  field  model.  2-20 


Cryo  frequency/period,  3-6  ff,  23,  25,  (see  Geomagnetic  field) 

65,  69;  5-16,  61,  64,  68  ff,  92,  98  Imperfection,  8-2 
Gyro  motion,  3-5,  6,  <6,  27;  .5-62,  63  (see  Defect) 


15-7 


21  January  1977 


Impurity,  8-2,  4,  6,  10  ff,  43 
Inclinatron,  field  line,  2-3,4,  7;  3-18;  7-6, 
14 

Index  of  refraction 

(,see  Refractive  . . .1 
Induced  current,  5-41 
Induced  magnetic  field;  Induction  field, 
3-20,  23  ff 

(see  Diamagnetism) 

Inelastic  scattering,  8-9 

(sec  Cross  section) 
Inhomogeneous  field,  3-1 8,  21 , 25 
Initial  phase,  2-41 

(see  Geomagnetic  storm) 
Injection,  4-7,  17;  5-1,  23  ff.  30;  6-36, 
43  ff,  48  ff;  7-2,  4 ff,  13  ff,  20  ff; 
8-58  ff 

Injection  efficiency,  8-23 
Inner  radiation  belt;  Lower  radiation 
belt,  4-6  to  8,  12  to  !6,  23;  5-3 1;  7-2 
Instability,  5-35,  37.  58,  76,  80.  82;  7-8, 
28 

(see  Pla.sma  instability) 
Insulator,  8-2 
Integral  invariant 

(see  Adiabatic  invariant, 
second) 

Integrated  circuit.  8-7,  33  ff 
Intensity,  3-36  ff 

(.see  Flux) 

Interchange  instability ; Fluting  instabil- 
ity; Rayleigh-Taylor  instability.  5-37. 
43;  6-46;  7-28 

Interplanetary  field;  Interplanetary  me- 
dium, 2-42; 4-1.  7.  18.90 
Interplanetary  magnetic  field,  i-1  ff 
Interplanetary  .sector,  4-7,  18,  90 
Interstitial  atom,  8-2,  43 
Interstitial  vacancy  (1-V),  8-10 
Intrinsic  carrier,  8-20 
Invariants,  adiabatic 

(see  Adiabatic  . , ,) 

Invariant  latitude,  2-16,  26.  27 

(sec  L-, shell.  L-parameter) 
invariant  momentum,  5-76 
Invariant  surfiice.  3-13.  3 1 If;  .5-45 
{.see  Adiabatic  invariant) 
Inverted  V.  4-19 
Ion,  2-28.  41  ;4-2,  5.  20  to  23 


Ion  cyclotron  mode;  Ion  cyclotron  wave, 
5-74,  103 

(see  Plasma  wave) 

Ionization,  5-2,  4;  8-2, 7,  21  ff,  31 , 36  ff. 
42 

(see  Excitation-ionization) 
Ionization  clrambcr,  1 1-3 
(see  Detector) 

Ionized  gas,  3-44  ff 

(sec  Plasma) 

Ionosphere,  2-1.  19,  44,  45;  3-46;  4-22, 
23;  541  ff.  71.  96;  9-28  ff;  1 1-30  IT; 
12-i 

Ionospheric 

currents,  1-14;  2-1 , 2,  19 
(see  Electric  field) 
dynamo,  1-14 
electric  fields,  1-13 
layers.  1 1-30 
Isotope,  7-1 . 15 

(sec  Stable  , . .) 

Isotropic  distribution,  7-9 
Isotropic  fiiix,  847,  52,  57.  70 

•j. 

Jaccltia  model  atmospliere,  1 )-l  5 
(see  Atmosphere) 

Jacobian.  5-10  ff.  39 
Jensen  and  Cain  field  model.  2-19,  20 
(see Geomagnetic  field  . . .) 
Jensen  and  Whitaker  field  model,  2-19. 
20.  26 

(see  Geomagnetic  field  . . .) 

Jet,  radioactive  debris.  643  7 8 ff 
JEEi 

(sec  Field  effect  transistor) 
.1-inlegral,  3-31  ff 

(see  Adiabatic  invariant, 
second ) 

Junction,  8-14,  20,  22  ff.  28.  3!  IT,  44 
junction  field  effect  transistor  (JFFT) 
(see  Field  effect  transistor) 

-L- 

Landan  damping,  5-81 
Lamimi  resonance.  5-98 
Lattice.  8-2,  6 
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Lattice  displacement 

(see  Displacement) 

Lattice  imperfection;  Lattice  defect, 

8-2  ff 

(see  Defect) 

L currents,  2-39,  40 
Leakage  current,  8-22,  24,  26  ff 
Left-handed  waves 

(see  Polarization) 

Legendre  function,  2-19 
Lifetime;  Decay  time;  Loss  time,  4-3,  1 7, 
18;  5-5,  9,  17,  20,  50,  54,  56;  7-12; 
8-57;  10-5 

Lightning  stonn  radio  noi.se,  9-21,  23, 
32 

(.see  Radio  noise) 

Linearized  plasma  wave  theory;  Linear 
theory,  5-82  ff 

Liouville’s  equation;  Liouville’s  theorem, 
3-35  ff;5-13, 26,45, 50;7-13, 17 
Lithium  drifted  solar  cell,  8-17 
(see  Solar  cell) 

Local  geomagnetic  time,  2-16 
Longitudinal  invariant,  1-10 
Lorentz  factor 

(see  Relativistic  dilation  factor) 
Lorentz  force,  3-1 

(see  Equation  of  motion) 

Loss  cone,  5-13,  28  ff,  87 
(see  Cutoff) 

Loss  (particle),  2-22;  4-3,  17,  18 

(see  Decay  time;  Lifetime) 

Loss  time 

(see  Lifetime) 

Lower  hybrid  resonance,  5-98 
(see  Plasma  wave) 

Lower  radiation  belt 

(see  Inner  belt) 

L-parameter,  Mcllwain,  2-13,  18,  22,  26; 
3-33 ; 5-44 

L-shcll,  3-33  ff;  5-1 , 25,  44,  56,  60  ff.  80. 
82;  7-6,  13,  15.  28;  9-21,  24  ff,  29  IT 
splitting.  3-33  ff;  4-7 
Lunar  daily  variations,  2-36,  40 

-M- 

Magnetic 

(see  Geomagnetic  . . .) 
activity.  4-5 
anomaly,  2-1 . 22 


bay,  2-42;  4-1 7 

(see  Substorm) 
bottle,  7-5 

(sec  Mirror  point) 
Bremsstrahlung 

(see  Synchrotron) 
bubble,  7-9 

compression,  3-26;  5-45,  57 
(see  Field  lines) 
declination,  2-3,4 
disturbance,  4-7 

(see  Geomagnetic  storm) 
element,  2-2,  3,  39;  3-2  ff,  14  ff, 
20  ff,  26 
energy,  5-35,71 
field,  2-l;4-l,3,9 

(see  Geomagnetic  field; 

Dipole) 

field  intensity;  field  strength,  3-42 
field,  interplanetary,  1-1 
fluctuation 

(sec  Geomagnetic  fluctuation) 

flux 

(see  i'lux;  Magnetic  field 
intensity) 
flux  den.sity,  9-2 
flux  tube,  5-23,  39 
force,  3-3 

hydromagnetic  eompre.ssion,  expan- 
sion, 7-2.  ‘3 
hiclinatio’j,  2-3,  4,  7 
meridian,  9-29 
mirror 

(see  Mirror  point;  Reflection) 
moment,  1-9;  2-9;  3-8,  23.  26  ff; 
5-57.60 

(see  Adiabatic  invariant,  first) 
potential,  2-18 

(.see  Potential) 

pre,ssure,  2-41 ; 4-2;  5-35,  3"7  ff;  7-4, 
9.  28 

(see  Stress  tensor) 
reflection 

(see  Reflection) 

shell 

(see  L-shell) 
stonn 

(see  Geomagnetic  . . .) 
Magnetohydrodynamics.  3-4 1 

(see  Hydromagnetic  model) 
Magnetopause.  1-2,  4;  2-28.  29,  31.  34 


'jf! 


I 
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Magnetoslicath,  1-4;  4-1,  19 
Magnttosonic  mode,  5-74 
(see  Plasma  wave) 

Magnetosphere,  1-1  IT;  2-1,  2,  28  to  30, 
34  to  36;  4-1  to  5,  18,  20,  22;  5-55, 
60,  71  IT,  78,98 
Magnetosphere  model,  1-17 
Magnetosphcric  boundary,  2-34 
Magnetospheric  dynamo,  1-14 
Magnotospheric  electric  field,  1-14 
Magnetotail,  1-6 
Main  field,  2-1 , 34 

(see  Geomagnetic  field) 

Main  phase,  2-41 

(see  Geomagnetic  storm) 
Majority  carrier,  8-3,  5 IT,  11,  17,  21, 
28  ff 

Markov  process,  5-10 
Maximum  power,  8-16 
Maxwellian  distribution,  5-86,  105,  106 
Maxwell’s  equations,  3-1, 18, 42;  5-33, 61 
Maxwell  stress  tensor 

(see  Stress  tensor) 

MeUwain  L-parametcr 

(see  L-paraincter) 

Mead  model  of  geomagnetic  field,  2-37, 
38 

(see  Geomagnetic  field) 

Mean  free  path;  Mean  path  length,  5-5 
Measurement  techniques,  11-1  ff 
Mechanical  force  equation,  3-4 1 ; 5-33 
Meridian;  Meridian  plane,  3-9  ff 
Mesosphere,  11-13 

(see  Atmosphere) 

Metal  insulated  semiconductor  (MIS), 
8-13,  28  ff,  34 

Metal  insulated  semiconductor  field  ef- 
fect transistor  (MISFET),  8-28  IT 
Metal  oxide  semiconductor  FET 
(MOSFET),  8-3,6 
Microcircuit,  8-7,  35 
Mir.ropulsation,  2-42,  44 

(see  Geomagnetic  . . .) 
Microshcet  glass,  8-43.  45 
Migration,  8-9,  10 
Minority  carrier,  8-3  If,  1 1 ff,  14  IT 
Mirror  altitude,  3-59  ff;  5-18;  7-12,  13 
Mirroring;  Magnetic  mirror,  4-3.  10,  18, 
47,  55 


Mirror  latitude,  5-48  ff 
Mirror  point;  Mirror  field,  3-21  ff,  31  ff; 
5-25,43,  57,  82;  7-9,  12;9-16,  21 
{.see  Turning  point) 

Mirror  point  density,  7-12 
MIS 

(see  Metal  insulated  semi- 
conductor) 

Mobility,  8-13,  29 
Model  atmosphere 

(see  Atmosphere) 

Moments  of  Bolt/.mann  equation,  3-39  ff 
Momentum  conservation,  3-40 
Momentum  space  trajectory 

(.sec  Diffusion  trajectory) 
Monolithic  integrated  circuit,  8-33 
(see  Integrated  circuit) 

Monte  Carlo  computation,  8-68 
MOSFET 

(see  Metal  oxide  semi- 
conductor FET) 

-N- 


Net  flux,  3-37 

(sec  Flux) 

Neutral  sheet,  1-6 
Neutrino/Antineutrino,  7-2 
Neutron.  4-3 

Neutron  decay,  1-11;  5-25  ff;  7-1  ff 
(see  Nuclear  decay,  fission) 
Neutron  diffusion;  Neutron  transport, 
5-32  ff 

Neutron  half-life,  1-11 
Neutron  production,  5-27,  28 
Nicolet  model  atmosphere,  11-9,  15  ff 
Noise,  8-34 

Nonhomogeneous  field 

(sec  Inhomogeneous  field) 
Non-linear  plasma  wave,  5-82 
n-p  junction 

(see  Junction) 

NPN  transistor,  8-24  ff 

(see  Bipolar  transistor) 
n-region,  8-3,  20  ff 

Nue'ear  collision;  Nuclear  reaction,  5-5, 

19  IT 

Nuclear  decay,  5-25,  33  ff 
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Nuclear  detonation;  Nuclear  explosion, 
?.-45;  5-37,  92;  6-1  fl';  7-1  ff.  7.  12  ff. 
28 

Argus  I,  6-2 
Argus  II,  6-2 
Orange,  6-1  ff 

Starfish.  4-12;  540;  6-1  ff.  31  ff, 
45;7-8;9-l,  19;  12-3 
Teak,  6-1  ff 

USSR,  Oct  22,  1962,  6-1  ff,  47  ff 
USSR,  Oct  28,  1962,  6-1  ff.  47  ff 
USSR,  Nov  1,  1962,  5-52;  6-1  ff, 
47  ff 

Nuclear  emulsion,  1 1-3 
Nuclear  fission 

(see  Fission  . . .) 

Nucleus,  5-3 

Number  density,  3-39;  9-19,  21 

(see  Distribution  function) 

-0- 

Ohm’s  law,  341 , 43 

Omnidirectional  flux,  3-36  ff,  89  ff;  5-32, 
37.  55.  80;  7-10,  14  ff,  27  ff,  29;  84. 
59  ff ; 9-24 

artificial  electrons.  6-22  ff,  32.  35. 
37,48,  50 

Open  field  line  model,  1-17 

(see  Magnetosphere) 

Optical  coating;  Antirefiection  coating, 
842  ff 

Optical  material,  8-3,5,  42  ff 
Optical  transmhision,  8-3,42  ff 
Orange  nuclear  detonation 

(see  Artificial  radiation  belt; 
Nuclear  detonation) 

Orbit 

(.see  Satellite  . . .) 

Orbital  electron,  5-2,  3,  23 
Orbital  parameter,  8-2,  4 ff,  15,  1 7. 44  ff 
(.see  Satellite) 

Oscillation 

(sec  Plasma  wave) 

Outer  radiation  belt;  Outer  zone;  Outer 
trapping  region.  4-6,  8 to  12,  lo.  23; 
5-37,  80;  7-2 

Outer  trapping  region,  5-37 


-P- 

Particlc  collision 

(see  Collision) 

Particle  detector 

(see  Detector) 

Passivation  layer,  8-3,  10,  21  ff.  26 
pc,  244 

(sec  Geomagnetic  pulsation) 
Pearls,  244 

(sec  Micropulsation) 
Penetration; . . . depth,  7-7  ff 
Phase  space,  4-6;  5-19 
Phase  velocity,  5-64,  79,  8 1 , 104 
Phoswich,  1 1-2 

(sec  Detector) 

Photographic  system.  8-5 
pi,  244 

(see  Geomagnetic;  Micropulsa- 
tion) 

Pigment,  8-36  ff 
PIN 

(see  Diode) 

Pitch-angle  cone,  5-28  ff 
(see  Loss  cone) 

Pitch-angle  diffusion,  1-10;  4-17;  5-56 
(see  Diffusion) 

Pitch-angle  distribution,  5-71 , 85,  93 
(see  Distribution  function) 
Planar  transistor;  Planar  geometry,  8-22  ff 
Planetary  geomagnetic  activity;  Planetarv 
index,  247,  48 

Plasma;  Ionized  gas,  2-41 ; 3-3,  26,  38  ff; 

4- 22;  5-1, 4.9, 13  ff.  33.  35,42,  68  ff: 
74 

Plasma  density  parameter,  5-71  ff,  104 
Plasma  frequency.  5-70  ff:  9-10 
Plasma  instability.  2-45:  5-37,  78,  82,  87 
(sec  Wave  amplification) 
Plasmapausc,  1-17;  5-72  ff.  98 
Plasma  sheet,  1-6;  4-5 
Plasmasphere,  1-15,  17;  5-108:  1 1-32 
Plasma  wave;  Plasma  oscillation,  3-43; 

5- 1,33.  56.  58  ff.  68  ff 

p-n  junction,  8-7,  14.  16,  19  ff,  26,  30. 
33 

(see  Junction) 

PNP  tran,sistor,  8-26 
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Polar  cap.  2-4 1 
Polar  ciccirojet, 

Polar  wiiul,  4-2 1 

Polari/.ation  (riglit  aiul  let'l),  5-(il  If, 

71 . 74.  7(>  IT;‘)-.V  1«.  26.  .12 
(sec  Pla.sma  wave) 

Positron.  7-1 
Potential 

electric.  .1-28.  2‘);  5-4.1 
Li6nanl-Wiechert.  6-2 
maiiiietic.  1-17 
Stormer.  .l-‘).  1 1 

Power  conversion  eftlciency.  842 
Power  spectrum;  Power  densitv;  Spectral 
ilen.sity.  544.  47  IT.  56.  5‘)'.  60.  6‘)  IT; 
‘)-2  IT.  .1 1 

Poynting  vector.  . .1 
Precipitation,  1-10;  2-26;  4-22 
p-reiiion.  8-.1,  20  IT 
Pressure  tensor 

(see  Stre.vs  tensor;  Maiuietic 
pressure) 

Probahility,  5-10  IT 
Probability  rien.sity.  8-47 
Prompt  gamma,  1 1-8 

(see  i'ission  . . .) 

Prompt  neutron,  1 1-8 

(see  i'ission  . . .) 

Propagation  wave.  5-71 , 74.  75 
Pr(»lon,  2-28;  4-2  to  6,  21,. 12  to  55 
Puncli-througb.  8-2,1 

•Q 

Quasilinear  (heory,  5-82,  ‘>5 
Ouiet  (lay.  2-.l‘) 

-R- 

Kadial  (lirt'usion;(.'ross-L  (lit't'iision.  Ill; 
4-.1.  17.  18;  5-.11,  42.  46  IT,  55  IT,  (>0. 
82;  6-20 

Radiation  detector 

(see  Delector) 

Radiation  dose.  10-1  11' 

(.see  l)os(') 

Radiation  measurement  techni(|ues. 

1 1-1  IT 


Radiation  pattern;  l-mi.ssion  pattern, 

‘)-.1  IT.  1 2 

Radioactive  debris.  6-4.  20.  4.1.  4(i,  46; 

7- 1  II'.  6 If.  1 2 II'.  18 

(see  l‘i.<i.sion  . . .) 

Radio  noise,  6-21.  2.1 
Range,  fast  particle,  5-5  11';  7-6,  8;  8-47, 
52  IT 

Rayleigh-'raylor  instability.  5-.17;  7-8 
(see  interebange  . . .) 

Rav  path.  6-24  IT 
RBi: 

(see  Relative  biological  effec- 
tiveness) 

Recoil.  7-.1 

Recombination;  Recombination  center, 

8- .1.  10  If.  26.  .12 
Recovery  phase,  24 1.47;  4-22 

(see  (ieomagnetic  storm) 
Rectifier  diode.  8-20  I I 
(see  Diode) 

Redistribution.  5-1 
Reduced  mass.  5-2 
Reileclion 

•;  ,•  .Mirror  point;  Turning 
point) 

magnetic.  .1-1.1,  21  IT;  5-57 
neutron.  7-2 
wave,  5-71,80,  82 
Reflectivity.  8-1  5.  4.1  It',  47 
Reflectors.  8-.17 

Refraction;  Refractive  index.  842 
Relative  biological  effectiveness  (RHI  l, 
10-1 

Relativistic  dilation  factor;  Lorent/  fac- 
tor. .1-4.  28;  5-.1.  64  IT.  8(>;6-,1 
(see  Relativity) 

Relativistic  mass.  .1-5 
Relativity;  Relativistic  correction,  ,l-,1  IT, 
20,  .16,  (>4  IT.  78;  5-4.  (4  II.  75,  8d, 
62;  6-2  IT 

Resistivitv;  Resistance.  .141;  8-H).  15, 
17,  22  11'.  26 

(see  (onduclivity) 

Resonance;  Resonance  condition.  5 58  I T, 
(>4.  <)8,  75  n . ')(> 

Rest  mass.  6 .1 
Right-handed  wave 

(see  Polari/alion) 
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Uint- uirronl,  1-I.S;  :-:s,  .1 1 . 3(». 

41;4-5,  :.V,  5-‘)8.  10.1.  12-: 

Ritonlgon  i.'(iuiv:iU'nt  iu;in  (ri'in),  10-1 
Rutlu'rforil  cr«s,s  sochon 

(SCO  (’ro.s.s  siH  lion) 

S- 

SaU’llilo 

chiirtiinj’, 

(si'o  C'hari>in}i) 

irradiation,  S-.‘l7  |T,  71  Cl';  10-4  IT 
nu'asuronu'ni.s  of  artitlcial  radiation. 
(>-.l  IT.  S ff.  10.  1.1  IT.. 11  IT. .1.1  IT. 
40.  47  IT.  5.1 
(irotoction.  I 2-.1  I f 
spacocraft,  .M  ; 41.  .1  lo  7.  10, 

i:  lo  1‘>,:.1 

statistical  information.  1 1 4')  If 
system.  8-:.  5,  .1(1  ff.4:  IT.  5'>.  70  IT; 
10-1  IT 

(see  Sliieldiniil 
vulnerability.  10  1 ff 
Saturation;  Saturation  Ilux.  5 .17;  7-0, 
8-58;'l-:i.  :4 

(see  I rappinii  limitl 
Saturation  eurrenl/voltajje.  8-’0  ff. 
Seale  height.  5-18.  ff.  o 
.Seatteriii}'.  5-.1-;  1 1 •!(> 

(see  Itelleetion) 

Sealterinji  anule,  5 . .1,' 

Seatteriu}>  center,  8-1  ,i 
Schmidt  function,  .M8,  21 
Scintillation  counter,  112 
(see  Iteleetor) 

Second  adiabatic  invariant 

(see  .Adiabatic  invariant) 
Seeoiulary  production,  5 20  ff 
Secoiul  surface  mirror 

(see  Solar  letleetoi) 

Sector 

(see  Interplanetary  .sector) 
Secular  variation.  2 1,5.8,  20 
Self-consistent  theory 

(see  IT appint:  limit) 

Semicoiuluctor.  8 1 ff,  10  ff.  I .t  ff,  42 
Sferics,  2 44 

Slueldiiyu.  8-1  11,  5,  1 ’.  -12  ff.  4 ’ ff,  (>5  ff 
Sbocis  curve.  (>  4(> , 7-2 


Sboekley-Reatl  analysis,  8-11,  1 .1 
Short  eireiiit  current.  8-1 
Silicon  semieoiuluetor,  8-4  ff,  9 ff,  15. 
1O..1.1.70 

Slot;  Slot  region;  I'leetron  slot.  4-8,  nl ; 
5-98 

(see  Inner  radiation  belt;Outer 
radiation  /one) 

Sloughing  of  fireball  debris,  7-4  ff 
Slow  tail 

(see  Sferics) 

Solar 

cell,  8-.l,(>.  1.1  ff.  42  ff 
crrsmic  rays,  5-27,  .1 1 
cycle;  sun.spot  cycle.  2-22,  40;  4-2, 
‘ .1.  7.8.  1.1.  1.5',  l(>.n0,  77.81 
Rare.  2-40.  47;  4-21 
heating.  2-40 

mavimum,  4-2,  8,  9,  10,  l(i.  .12  lo 
.17 

(.see  Solar  cycle) 

minimum.  4-2,  8,  9,  10,  U',  .12  lo 

.17 

(see  Solar  cycle) 

parameter  S'  (10.7  cm  llus),  1 1-1(> 
«|uiet  variation.  2-.19 
retlector;  ab.sorber.  8-.l(>  ff 
wind.  1-1  IT;  2-28,  29,  41.  42.  47; 
4-2.  5.  21.  22;  5-42,  84  ff 
Solid  ioni/atiim  chamber.  1 1 -.1 
(see  Detector) 

Solid  state  tletecttn-.  1 1-2 
(se'e  Detector) 

Source  diartiele).  4-.1.  I 7.  21 
S*»urce  funeti«>n.  7 ) 5 
Soiitl:  American  anomaly;  South  Atlantic 
anomaly;  lira. ilian  anomaly,  2-22; 
5-21;  7.'12,  1.1.  27 

(see  Magnetic  anomaly) 

Sp;ice  charge,  8-2  2,  24 
,S|i.iceeraft 

(see  Satellite) 

Specific  electrical  conductivity,  .144 
(see  l‘onduclivi(y  tensor) 
Spectral  rlensity 

(see  I’ower  si)ectrum) 

Spherical  harmonic  expansion,  2 1,  18, 
.19;  54  ’ 

,S*|  currents.  114;  12  1 
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Stability  criterion,  5-38,  40,  45;  7-15 
(see  Instability) 

Stable  isotope,  7-1,3 
Stable  orbits 

(see  Trapped  orbits) 

Stable  trapping;  Stable  trapping  region, 

4- 2,  3,  5 
Star 

(see  Cosmic  ray) 

Starfish 

(see  Nuclear  detonation;  Arti- 
ficial radiation  Ik'IO 
Steady  state  flux,  5-20;  7-27 
Stochastic  acceleration,  544  IT 
(see  Fokker-IManck) 

Slopping  power,  5-2  If;  8-8,  47,  70.  lb 
Storm 

(see  (ieomagnetic) 

Stbnner  angular  momentum,  3-8 
Stbnner  orbit,  3-7  IT;  5-56 
Stbrmer  trapping  criterion,  3-15 
(see  Trapping  limit) 

Stbrmer  unit,  3-8 
Stratosphere,  1 1-3 

(sec  Atmosphere) 

Streaming  instabiUiy,  5-76 
(see  Instability) 

Streaming  velocity,  3-39  IT 
Slrength  (olTnaterials),  8-3 
Siress  tensor;  Pressure  tensor,  340; 

5- 33  IT 

Strong  diffusion,  5-13,  96 
Structural  imperfection,  84 
Structure; Structural  material,  8-3 
Sudden  commencement  (SC),  240;  3-26; 
4-21;  5-44 

Sudden  impulse  (SI),  242 

Surface  charge,  8-3 1 

Surface  effect,  8-6,  24,  26.  28,  32 

Surface  potential,  8-13 

Surface  recomhination  rate.  8 13 

Surface  state,  8-26 

Switching 

(see  Diode) 

Svnehronous  orbit;  Svnehronous  alti- 
' tude,  2-36,  38;  4-2,  4*.  7 
Synchrotron  emi.s.sion;  Radiation; Cyclo- 
tron radiation;  Magnetic  Uremsstrah- 
lung,  9-1  IT 
System 

(see  Satellite) 


T- 

Tail  current,  2-28,29,31 

(see  (.ieomagnetic  tail) 
Temperature;  electron  temperature, 

3-38;  5-71,  75.  78.  80.  105  IT;  8-10. 
1 5 IT 

riiermal  control  surface,  8-3,  44 
Thermal  control,  8-3.  36  IT 
Thermal  fluctuation,  54 
Thermal  plasma,  4-2 

(see  Temperatun.*) 

Thermal  stH'ed;  Thermal  particle;  Ther- 
mali/.ation,  3-2.  18  ff.  38;  5-9,  17, 
76  ff;  7-2 

Thermosphere,  11-12  I f 

(see  Atmosphere) 

Thin  film  integrated  circuit.  8-33 
(see  Integrated  circuit) 

Third  adiabatic  invariant 

(.see  Adiabatic  invariant) 
Tlm‘shold.8-3,  2<>.31.35l) 

Tidal  force,  2-40 
Tilted  dipole,  2-1 

(see  Dipole  field) 

Total  mass  velocity.  340 

(sec  Streaming  velocity) 
Transconductance.  8-3  2 
Transistor.  8-2 1,25  If.  44 

(see  Bipolar  . . .;  Field  effect 
. . . ; Metal  oxide  semiconductor 
. . .;  Metal  insulated  semicon- 
ductor) 

Transition  region  of  magnetosphere,  1-4 
I'ransmission,  8-3 

TrapiHHl  orbits;  Stable  orbits.  3-8,  12,  15; 
7-1 

Trapping.  2-1 ; V-i , 3,  7,  12 
(see  Injection) 
boundary,  2-1 ; 4-19 
center.  3-8  ff,  15,33  ff;  5-56,  9(t  |T, 
107 

efficiency.  ()-29,  39;  7-9,  1 2 
fraction.  7-9  ff 

limits.  3-8  ff.  15.  33  ff;  5-56,  80  ff; 
7-28 

(.see  F'orbidden  regions) 
region,  4-3 1 ; 7-10 
Triton.  7-1 
Troposptieie,  11-13 

(see  Atmosphere) 
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